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Preface 
A) Organometallic Catalysts 
Organometallic catalysts now have numerous applications in the pharmaceutical, fine 
chemical, and commodity chemical industries and will certainly contribute in the 
future to the resolution of our energy and environmental challenges.  In many cases, 
precious metal complexes perform excellent catalytic activity.  In recent years, 
research on alternatives to precious metal catalysts have been growing rapidly and 
expected to grow in the future.  The most obvious reaction for replacing precious 
metals is that they are very expensive, often costing, more than 100, 1000 or 10000 
times the cost of base metals.  The high cost is connected to the low abundance of 
these metals, but it is not the only reason.  Several precious metals are now mined in 
limited countries or areas.  This situation involves potential to cause economic crisis 
and does not secure sustainable development in industries depending on precious 
metals.  Another reason for avoiding precious metals is that they are, in general, 
environmentally and toxicologically harmful. 
  Iron is one of the best precious metal surrogates because it is a highly abundant 
metal in the crust of the earth (4.7 wt%), thus cheap, and has low toxicity.  It can be 
defined as an environmentally friendly material.  Iron complexes have been studied 
as an alternative for precious metal catalysts within recent years.  The chemistry of 
iron complexes continues to expand rapidly because these catalysts play indispensable 
roles in today’s academic study as well as chemical industry. 
  
B) Compounds with Heavier Group 14 Elements  
For several decades, many stoichiometric and catalytic reactions for CC bond 
formation reactions have been investigated because these reactions are essential for 
the preparation of an organic molecule.
1
  Recently, compounds or materials 
containing heavier group 14 elements (silicon, germanium and tin) have received 
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much attention.  Although these elements are situated below carbon in the periodic 
table and have usually a tetrahedral structure with four substituents like a carbon, their 
properties are quite different from that of carbon.  For example, a compound with 
[SiSi]n backbone exhibits conductivity and an absorption of ultraviolet ray.  This 
is attributed to  transition, whereas that for alkenes and alkynes is due to 
 transition.2  A compound with [SiOSi]n backbone has heatproof and 
insulation properties.
3
  These unique features are used for various sophisticated 
materials.
4
  In addition, organosilicon compounds with an SiC bond are often used 
for the synthetic scaffold to make a CC bond in organic molecules via an SiC bond 
cleavage reaction.
5
  Although the high utilities of the silicon compounds are known, 
the methodology for the formation of SiSi,6 SiOSi7 and SiC8 bonds to produce 
the silicon compounds was limited compared with that of organic compounds.  
Germanium and tin compounds have the optical and electric properties similar to 
those of silicon and have also their own properties and reactivity.  Nevertheless, a 
quite limited number of germanium and tin compounds are known compared with 
those of silicon compounds. 
 
C) Introduction to This Doctoral Thesis 
This thesis focuses on the chemistry of compounds consisting of an iron fragment and 
a group with a heavier group 14 element, especially piano-stool type iron complexes 
with silyl, germyl, and/or stannyl ligand(s).  Our research group has reported 
excellent activities of CpFe(CO)2Me (1-1) in the following reactions. 
(i) A CCN bond in organonitriles is known to be strong (133 kcal/mol for MeCN).  
Thus, the selective bond cleavage is difficult.  The reaction of an organonitrile with 
hydrosilane such as Et3SiH in the presence of a catalytic amount of 1-1 achieved 
CCN bond cleavage.9 
 
 7 
 
(ii) Cyanamides, described as R2NCN, have a very strong NCN bond.  It was 
found that the bond was catalytically cleaved by 1-1 in the reaction of R2NCN with 
Et3SiH.  This is the first example of catalytic NCN bond cleavage in cyanamides.  
The reaction mechanism was discussed in detail.
10 
 
(iii) The reaction of R3SiH with DMF in the presence of 1-1 catalyst produced the 
corresponding disiloxane (R3SiOSiR3) and NMe3.  In this reaction, DMF was 
reduced to amine by hydrosilane, and hydrosilane was converted into disiloxane with 
removing the oxygen in DMF.
11 
 
  In order to promote our project which aims at revealing new properties and 
reactivities of iron complexes and creating new catalytic systems based on iron 
complexes, reactions of 1-1 and the related complexes with hydrosilane, 
hydrogermane, and hydrostannane were investigated. 
  Chapter 1 of this thesis described that the silyl, germyl and stannyl complexes of 
iron were synthesized in the reaction of 1-1 or the related iron complexes with 
hydrosilane (R3SiH), hydrogermane (R3GeH), or hydrostannane (R3SnH), and the 
produced complexes were characterized (iv).  The mechanism of the preparation of 
these complexes was proposed on the basis of the observation of the 
1
H NMR spectra 
of the reaction mixture during the course of the reactions.  In addition, the reactivity 
of these complexes towards Et3EH (E = Si, Ge, Sn) were investigated (v). 
 8 
 
 
  Chapter 2 described the catalytic synthesis of vinylgermane with a GeC bond 
using a germyl iron complex or 1-1 (vi).  Various vinylgermanes were formed via a 
hydrogermylation reaction of alkynes.  The catalytic mechanism was proposed on 
the basis of the mechanistic study described in chapter 1 and results obtained when 
various iron complexes with germyl ligands were used. 
 
  Chapter 3 described the GeOE (E = Si, Ge, Sn) bond formation reactions 
promoted by 1-1 (vii).  The selective formation of the linear and cyclic product 
could be achieved if appropriate substituents on the hydrogermane were selected.  
The mechanistic study on this catalytic reaction revealed that the iron complex with 
germoxy and carbene ligands was an intermediate. 
 
 9 
 
  Chapter 4 described the catalytic PH bond addition of secondary phosphine 
(R2PH), to unsaturated organic molecules (hydrophosphination) by an iron catalyst 
(viii).  The single or double hydrophosphination product was obtained depending on 
the reaction conditions and the kind of iron catalyst.  This is the first transition metal 
catalyzed double hydrophosphination to produce the 1,2-bisphosphinoethane 
derivatives. 
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1-1. Introduction  
Transition metal complexes bearing two or more carbon donating ligands are 
important because these complexes can be considered as intermediates or active 
species for CC bond formation reactions.  Therefore, many organometallic 
complexes have been explored and studied on their reactivities to create a new 
reaction and to improve the efficiency of the catalyst.  These researches led to the 
development of many useful CC bond formation reactions such as Suzuki-Miyaura 
coupling reactions,
1
 Negishi coupling reactions
2
 and so on.  Recently, complexes 
bearing a bond between a transition metal and a heavier group 14 element (Si, Ge, Sn), 
which are classified as inorganometallic complexes, have received much attention in 
association with the increase of the utility of these compounds or materials.  Their 
properties have been widely exploited for the organic intermediate
3
 and sophisticated 
materials such as ceramics, oils, rubbers, coating agents and so on.
4
  To develop 
more efficient and/or new methods for the production of compounds of heavier group 
14 elements, the syntheses, isolations and structural studies of these transition metal 
complexes are actively in progress.
5  
Especially, transition metal complexes bearing 
two heavier group 14 element (E = Si, Ge and Sn) ligands are the attractive candidates 
as intermediates in the reactions of group 14 element introduction into unsaturated 
organic compounds
6
 and of formation of EE bonds.7   
From the aspect of environmental burden, our group has been focusing on the 
creation of new catalytic reactions by an iron complex.  And we have already found 
that the synthesis of CpFe(CO)(H)(SiR3)2 type complexes and their catalytic activity 
toward the coupling of the silyl ligands to form an SiOSi bond.7c  This indicates 
that the similar germyl or stannyl complexes possibly show the activity for the 
preparation of the compounds with a GeOGe and SnOSn.  With the similar iron 
complexes, although several examples with two silyl groups were reported,
8
 only a 
limited number of complexes with two stannyl groups have been known
8a,9
 and no 
example of complex bearing two germyl groups has been known to date.  Only one 
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example has been reported for the iron complex having different group 14 element 
ligands, although a complex bearing two different group 14 element ligands is 
interested not only in the structure and reactivity but also in an intermediate in the 
cross coupling reaction of two group 14 elements to form the compounds with 
SiOGe, SiOSn and GeOSn fragments.10 
I herein report the synthesis of iron complexes having two same and different 14 
element ligands, CpFe(CO)(H)(ER3)(E’R3), and their reactivities in a systematic way.    
 17 
 
1-2 Preparation of Iron Complexes Bearing Two ER3 Ligands (E = Si, Ge, Sn) 
Bissilyl complex, CpFe(CO)(SiEt3)2(H) 1-Si2,
7c
 and bisstannyl complex, 
CpFe(CO)(SnEt3)2(H) 1-Sn2,
 8a
 were prepared by the literature method.  The 
bisgermyl complexes, CpFe(CO)(GeR3)2(H) (R = Et: 1-Ge2, Ph: 1-Ge2’), were 
synthesized by the reactions of iron methyl complex, CpFe(CO)2Me (1-1), with 2 
equiv of tertiary germane, R3GeH (R = Et, Ph), under thermal reaction conditions 
(Method A) or photoirradiation conditions (Method B).  Complexes 1-Ge2 and 
1-Ge2’ were characterized by the 1H NMR and 13C NMR spectra, the elemental 
analyses and the single crystal X-ray diffraction analyses.  In both 1-Ge2 and 1-Ge2’, 
characteristic hydride signals were observed at -12.67 and -10.38 ppm in the 
1
H NMR 
spectra, respectively.  The molecular structures of 1-Ge2 and 1-Ge2’ are depicted in 
Figures 1-1 and 1-2.  Two independent molecules crystalized in the unsymmetrical 
unit.  The ORTEP drawings of an Fe1 molecule are shown in the figures.  Both 
molecules have a typical four-legged piano stool geometry with one Cp, one CO, one 
hydride and two germyl ligands.  The two germyl groups are situated trans to each 
other.  To the best of our knowledge, these are the first examples of iron complex 
having two germyl ligands.  The fundamental structures of these complexes are 
comparable to the similar examples, CpFe(CO)(SiEt3)2(H)
7c
, CpFe(CO)(SnPh3)2(H).
8a 
(Method A) Under thermal reaction conditions 
Treatment of 1-1 with 2 equiv of R3GeH (R = Et, Ph) in benzene at 60 ºC for 12 h 
resulted in the formation of the bisgermyl iron complex in 81% (1-Ge2) and 67% 
(1-Ge2’) yields, respectively (Scheme 1-1).   
Scheme 1-1 
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(Method B) Under photoirradiation conditions 
Treatment of 1-1 with 2 equiv of R3GeH (R = Et, Ph) in benzene under 
photoirradiation at 25 ºC for 24 h resulted in the formation of the bisgermyl iron 
complex in 89% (1-Ge2) and 61% (1-Ge2’) yields, respectively (Scheme 1-2).   
Scheme 1-2 
 
 
 
Figure 1-1. ORTEP drawing of the Fe1 molecule of 1-Ge2 with 50% thermal 
ellipsoidal plots.  Hydrogen atoms except for the hydride ligand were omitted for 
clarify. 
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Figure 1-2. ORTEP drawing of the Fe1 molecule of 1-Ge2’ with 50% thermal 
ellipsoidal plots.  Hydrogen atoms except for the hydride ligand were omitted for 
clarify. 
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1-3 Plausible Reaction Mechanism for the Formation of the Bisgermyl Complex 
A plausible reaction pathway for the formation of the bisgermyl complexes is shown 
in Scheme 1-3.  Under thermal conditions, one of the CO ligands in the starting 
complex 1-1 inserts into the FeMe bond to form the acyl complex, 
CpFe(CO){C(O)Me}, which reacts with R3GeH (R = Et, Ph) to give 
CpFe(CO)(H){C(O)Me}(GeR3) (1-A).  Successive reductive elimination of 
acetaldehyde and oxidative addition of another R3GeH molecule takes place to give 
the bisgermyl complex 1-Ge2 (R = Et) or 1-Ge2’ (R = Ph).  The formation of 
acetaldehyde was confirmed by the 
1
H NMR spectrum of the resulting reaction 
mixture (a quintet signal at 9.23 ppm and a doublet signal at 2.34 ppm in C6D).  In 
the case of photoreaction, one CO eliminates from the iron center and the resulting 
complex reacts with R3GeH to afford the methyl hydride complex (1-B).  Successive 
reductive elimination of methane and oxidative addition of another R3GeH molecule 
give the product 1-Ge2 or 1-Ge2’.  The formation of methane was comfirmed by the 
1
H NMR measurement (a singlet signal at 0.15 ppm in C6D6). 
Scheme 1-3. 
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1-4 Syntheses of Iron Complexes Bearing Two Different Group 14 Element 
Ligands 
The preparation of the silylgermyl complex was attempted in the reaction of this iron 
methyl complex with one equiv of Et3SiH and one equiv of Et3GeH.  The desired, 
CpFe(CO)(H)(SiEt3)(GeEt3) 1-SiGe, was not obtained, but the bisgermyl hydride 
complex was obtained 1-Ge2 in 26% yield.  Next, a stepwise introduction of a group 
14 element ligand into the iron complex was planned.  First, a complex having one 
group 14 element ligand (R3E) is prepared, and then it reacts with another group 14 
element compound to introduce the second ligand (R3E’).   
Scheme 1-4. 
 
According to the literature method, the silyl complex, CpFe(CO)2(SiEt3) 1-Si, was 
prepared in the reaction of {CpFe(CO)2}2 with Et3SiCl (Scheme 1-4).
11
  The 
germanium and tin analogues, CpFe(CO)2(EEt3) (E = Ge: 1-Ge,
12
 Sn: 1-Sn), were 
obtained in the similar reaction with Et3GeCl or Et3SnCl.  The silyl complex 1-Si did 
not react with hydrogermane or hydrostannane under thermal conditions even at 100 
ºC.  In contrast, the photoreaction of the silyl complex with triethylgermane gave 
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three kinds of hydride complexes which are the bissilyl complex (1-Si2), the 
bisgermyl complex (1-Ge2) and the silylgermyl complex (1-SiGe) (Scheme 1-5).  
No reaction took place in the reaction of 1-Ge or 1-Sn with Et3SiH under thermal 
reaction conditions, and three kinds of hydride complexes were produced under 
photoirradiation conditions. 
 
Scheme 1-5. 
 
 
These results indicate that the CO ligand in cyclopetadienyl biscarbonyl iron 
complexes does not eliminate from the iron center under thermal conditions, but 
photoreaction can release CO ligand and introduction of an EEt3 group.  However, 
the photoreaction caused the scrambling of the group 14 element ligands.  Therefore, 
the method to prepare the 16e species without photoirradiation was planned. 
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1-5 Synthesis of Phosphine and Pyridine Complexes Bearing a Group 14 Element 
Ligand 
Because of the CO ligands in CpFe(CO)2(EEt3) coordinate strongly to the iron, 
CpFe(CO)(L)(EEt3) was selected as a starting complex which has one weakly 
coordinated ligand (L) in place of the CO ligand.  Complexes 
CpFe(CO)(PPh3)(EEt3) and CpFe(CO)(Py)(EEt3) were selected because PPh3 and Py 
are considered to coordinate weaker than CO toward the CpFe(CO)(EEt3) moiety.  
The silyl phosphine complex (1-SiP) was obtained in the reaction of the methyl 
phosphine complex (1-P)
13
 with triethylsilane in toluene at 80 ºC.  Similarly, the 
germanium and tin analogues were prepared from the phosphine complex and 
triethylgermane and triethylstannane in 90% (1-GeP) and 88% (1-SnP) yields. 
 
Scheme 1-6. 
 
In our previous works, the photoreaction of the silyl complex 1-Si in the presence 
of pyridine gave the corresponding the silyl pyridine complex 1-SiPy in 89% yield 
(Scheme 1-7).
14
  This method could be applied to the synthesis of the germanium 
and tin analogues (1-GePy and 1-SnPy). 
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Scheme 1-7. 
  
 
These six complexes were characterized by the NMR measurements and elemental 
analyses.  The molecular structures of 1-GeP and 1-SnPy were confirmed by X-ray 
crystallography.  The silyl triphenylphosphine complex, CpFe(CO)(PPh3)(SiEt3),
13
 
and silyl pyridine complex, CpFe(CO)(Py)(SiEt3),
14
 have already been reported by 
Brookhart et al. and our group. However, 1-GeP, 1-SnP, 1-GePy, 1-SnPy had not 
been reported when this project was started.   
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1-6 Reaction of the Phosphine Complexes with Et3EH (E= Si, Ge, Sn) 
Treatment of the silyl phosphine complex 1-SiP with one equiv of triethylgermane at 
80 ºC in C6D6 for 12 h resulted in the formation of the germyl phosphine complex 
1-GeP in 95% NMR yield and the almost quantitative amount of Et3SiH (scheme 1-8). 
Similarly, the reaction of 1-SiP with triethylstannane gave the corresponding stannyl 
phosphine complex 1-SnP in 98% NMR yield.  But both reactions did not give the 
target silylgermyl nor silylstannyl complex.  To obtain the target compound, further 
examinations were carried out under various reaction conditions at higher or lower 
reaction temperature, increasing the amount of triethyl germane or stannane, 
photoirradiation.  Unfortunately, all attempts to prepare the complexes with two 
different group 14 element ligands were unsuccessful.  Although the phosphine 
ligand in 1-SiP, 1-GeP and 1-SnP may dissociate under milder conditions than the 
CO ligand in 1-Si, 1-Ge and 1-Sn, it seem to recoordinate to the Fe to give 1-GeP and 
1-SnP. 
 
Scheme 1-8. 
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1-7 Reaction of the Pyridine Complexes with Et3EH (E= Si, Ge, Sn) 
Previously, our group reported the reaction of the silyl pyridine complex 1-SiPy with 
Et3SiH took place even at room temperature to give the corresponding bissilyl hydride 
iron complex 1-Si2 in 83% yield (Scheme 1-9).
6c
  The mild reaction conditions may 
allow to prepare iron complexes bearing two different group 14 element ligands.   
 
Scheme 1-9. 
 
 
Treatment of 1-SiPy with Et3GeH in 1:1 molar ratio for 48 h at room temperature 
produced three kinds of hydride complexes.  Comparison of the chemical shifts of 
the hydride signals in the 
1
H NMR spectra revealed that two of them are assignable to 
the bissilyl complex 1-Si2 (-14.07 ppm) and the bisgermyl complex 1-Ge2 (-12.67 
ppm) in 27% and 33% yields respectively.  And the last one is expected to be the 
silylgermyl complex (-13.62 ppm) (Scheme 1-10).  The formed silylgermyl complex 
1-SiGe was isolated and fully characterized by the examinations shown below. 
 
Scheme 1-10. 
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The reaction pathway expected from the products is shown in Scheme 1-11.  First, 
the Py dissociates then GeH bond oxidative addition takes place to give the 
silylgermyl complex 1-SiGe.  Et3SiH may be eliminated from 1-SiGe and GeH 
bond oxidative addition takes place to give the bisgermyl complex 1-Ge2.  The 
silane formed in the step from 1-SiGe to 1-Ge2 may react with CpFe(CO)(SiEt3) to 
give the bissilyl complex 1-Si2.   
 
Scheme 1-11. 
 
Similarly, three kinds of hydride complexes, 1-Si2, 1-Sn2 and 1-SiSn, were 
observed in the reaction of 1-SiPy with Et3SnH.  The formation of these complexes 
was suggested by the 
1
H NMR spectrum of the reaction mixture.  Since these 
complicated results might be caused by the elimination of hydrosilane, the similar 
reaction was conducted in the reverse order, that is, the reaction of 1-GePy and 
Et3EH. 
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  The reaction of 1-GePy with Et3EH (E = Si, Ge) resulted in the isolation of the 
silylgermyl complex 1-SiGe and the bisgermyl complex 1-Ge2, respectively (Scheme 
1-12).  Analoguesly the hydride complexes with the stannyl ligand, CpFe(CO)(H) 
(EEt3)(SnEt3) (E = Si: 1-SiSn, Ge: 1-GeSn, Sn: 1-Sn2), were also obtained by the 
reaction of 1-SnPy with Et3EH (E = Si, Ge, Sn), in good to high yields. 
 
Scheme 1-12. 
 
 
The molecular structures of 1-SiGe and 1-GeSn were determined by X-ray 
analyses and depicted in Figures 3 and 4.  The complexes take a typical four-legged 
piano-stool geometry bearing one C5H5 in 
5
-fashion, one terminal CO ligand, one 
hydride ligand, one triethylgermyl ligand, and one Et3E ligand (E = Si: 1-SiGe, Sn: 
1-GeSn).  The two group 14 element ligands were situated trans position to each 
other but the positions were disordered with 0.5 occupancy.  Only three types of 
crystal structures of transition metals with two different group 14 element ligands 
have been reported; cis-[Pt(GeMe3)(SnMe3)(PMe2Ph)2],
15
 Cp2W(SiMe3)(GeMe2Cl),
16
 
Cp2W(GeR3)(SnR3) (R3 = MeCl2, R’3 = MeCl2; R3 = Me2Br, R’3 = Et2Br, R3 = Me2H, 
R’3 = Et2Br).
17
  Complexes 1-SiGe and 1-GeSn are the first examples of iron 
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complexes.  Bis(stannyl)iron complexes, CpFe(CO)(H)(SnR3)2 (R = Me, 
n
Bu, Ph), 
which are similar to 1-Sn2, have been reported previously.
8a
 
 
 
Figure 1-3. ORTEP drawing of the Fe1 molecule of 1-SiGe with 50% thermal 
ellipsoidal plots.  Hydrogen atoms except for the hydride ligand were omitted for 
clarify. 
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Figure 1-4. ORTEP drawing of the Fe1 molecule of 1-GeSn with 50% thermal 
ellipsoidal plots.  Hydrogen atoms except for the hydride ligand were omitted for 
clarifies. 
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1-8 Ligand Exchange Reaction of the Iron Complexes Bearing Two Group 14 
Element Ligands 
It might be interesting to examine the lability of the group 14 element ligand in 
CpFe(CO)(H)(EEt3)(E’Et3).  The reactions of CpFe(CO)(H)(EEt3)2 with Et3E’H 
were monitored by the 
1
H NMR spectra.  The bissilyl complex 1-Si2 was dissolved 
in benzene and a 10 fold molar excess of Et3GeH was added.  The reaction mixture 
was heated at 60 ˚C.  Figure 1-5 depicts the amounts of Fe complexes as a function 
of time.  The starting complex 1-Si2 decreased and the bisgermyl complex 1-Ge2 
increased with time.  In addition, the silylgermyl complex 1-SiGe was observed in 
small amount and finally disappeared.  The formation of eliminated Et3SiH was 
observed during the course of the reaction and totally 2 equiv of Et3SiH was formed 
at the end of the reaction.   
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Figure 1-5.  Plot of the amounts of 1-Si2 (▲), 1-SiGe(■) and 1-Ge2 (●) as a 
formation of time in the reaction of 1-Si2 with a 10-fold excess of Et3GeH. 
Scheme 1-13. 
 
 
The reaction of the bissilyl complex with Et3SnH showed the similar time 
dependence curve.  And finally all of 1-Si2 was converted into the bisstannyl 
complex in good yield within 1 hour.  2 equiv of Et3SiH were also observed.   
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Figure 1-6.  Plot of the amounts of 1-Si2 (▲), 1-SiSn(✖) and 1-Sn2 (♦) as a 
formation of time in the reaction of 1-Sn2 with a 10-fold excess of Et3SnH. 
Scheme 1-14. 
 
 
In both of reactions (Schemes 1-13 and 1-14), 1-SiGe and 1-SiSn were 
continuously detected during the reactions in small amounts.  Therefore, Et3SiH 
elimination from 1-Si2 followed by oxidative addition of Et3EH (E = Ge, Sn) takes 
place to give 1-SiGe and 1-SiSn, which then undergo the same reaction sequence to 
give the final products (1-Ge2 and 1-Sn2). 
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  The reaction of the bisgermyl complex (1-Ge2) showed interesting results (Scheme 
1-15). The reaction with 10 equiv of Et3SiH at 60 ºC for 1 h resulted in the formation 
of 1-Si2 (5% yield) and 1-SiGe (38% yield) with the detection of the unreacted 1-Ge2. 
Elongation of the reaction time and use of more excess Et3SiH did not improve this 
messy reaction.  In contrast, the reaction with 10 equiv of Et3SnH caused 
quantitative formation of 1-Sn2 after 12 h at 60 ºC.  
  A solution of bisstannyl complex 1-Sn2 and a 10-fold molar excess of Et3E’H (E’ = 
Si, Ge) was heated at 60 ˚C for 24 h, but the ligand exchange reaction of the Et3Sn 
ligand for the Et3E’ group was not observed (Scheme 1-16). 
  These results showed that SiH reductive elimination is easier than GeH 
reductive elimination, which is easier than SnH reductive elimination. 
 
Scheme 1-15. 
 
Scheme 16. 
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Treatment of this silylstannyl complex with 10 equiv of Et3GeH for 30 min at 60 ˚C 
produced the germylstannyl complex by the selective exchange of the Et3Si group for 
the Et3Ge group.  Similarly in the reaction of 1-SiGe with 10 equiv of Et3SnH, a 
germylstannyl complex was formed in 96% yield for 5 min at 60 ˚C by the selective 
exchange of the Et3Si group for the Et3Sn group.  After 6 h, the exchange of the 
Et3Ge group for the Et3Sn group was completed to give the bisstannyl complex 
(1-Sn2) in 91% yield (Scheme 1-17).  We also examined the reactivity of complexes 
1-SiSn and 1-GeSn.  Reactions of 1-SiSn with 10 equiv of Et3GeH and Et3SnH at 60 
˚C afforded the corresponding complexes 1-GeSn and 1-Sn2 by the exclusive 
exchange of the Et3Si group for the Et3E (E = Ge, Sn) group in excellent yields 
(Scheme 1-18).  The isolated germylstannyl complex 1-GeSn was confirmed to be 
converted into 1-Sn2 in the reaction with 10 equiv of Et3SnH for 6 h at 60 ˚C in 99% 
NMR yield (Scheme 1-19). These trends are the same as those for the complexes with 
two group 14 element ligands.  Although Si/Sn exchange reactions on an Fe center 
have been reported,
9c,18
 this is the first example of Ge/Sn exchange on a transition 
metal other than Pt.
19
 
 
Scheme 1-17. 
 
Scheme 1-18. 
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Scheme 1-19. 
 
 
All ligand substitution reactions examined here show that the elimination of Et3EH 
from the Fe(IV) center takes place more readily in the order of Et3SiH > Et3GeH >> 
Et3SnH.  The activation energies and bond energies of Fe-H and for Fe(IV) have not 
been reported to date.  However, Pannell and co-workers reported that the bond 
strengths are ordered as FeSi > FeGe for Fe(II) complexes,20 and Koga and 
co-workers reported that the bond energy of Fe-Si is 41.7 kcal/mol and that of Fe-Sn 
is 36.3 kcal/mol for Fe(II) complexes.
21
  If the same trend is applicable for Fe(IV) 
complexes, the Fe(IV)Si bond would be stronger than the Fe(IV)Sn bond, being 
inconsistent with the order observed here.  On the other hand, the bond energy of 
H3SiH (88.5 kcal/mol) is larger than H3GeH (81.9 kcal/mol), being stronger that 
H3SnH (75.4 kcal/mol).
22
  This order is consistent with the order observed here.  
Therefore, the trend of the EH bond energy seems to be predominant rather than the 
FeE bond energy.   
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1-9 Coupling Reaction 
In our group, it was found that the bissilyliron complex 1-Si2 afforded the 
corresponding disiloxane in dimethylformamide (DMF) under photo-irradiation 
(Scheme 1-20).
6c
  Therefore, photoreactions of iron complexes bearing two group 14 
element ligands in DMF were expected to form compounds with EOE’ bond.  
However, this type of reaction did not take place (Scheme 1-21).  The reason for this 
is not clear now. 
 
Scheme 1-20. 
 
 
Scheme 1-21 
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1-10 Conclusions 
  In this chapter, a series of iron complexes bearing two group 14 element ligands 
were described.  CpFe(CO)(H)(EEt3)2 (E = Si: 1-Si2, Ge: 1-Ge2, Sn: 1-Sn2), were 
obtained by the reaction of CpFe(CO)2Me (1-1) with 2 equiv of R3EH (E = Si, Ge, 
Sn).  These reactions proceeded under thermal reaction conditions with the 
formation of acetaldehyde or photoirradiation conditions with the formation of 
methane.  Iron complexes with two different group 14 element ligands could be 
obtained by the stepwise introduction of ER3 groups.  First, complexes bearing one 
group 14 element ligand, CpFe(CO)2(EEt3) (E = Si: 1-Si, Ge: 1-Ge, Sn: 1-Sn), were 
synthesized.  Next, pyridine complexes, CpFe(CO)(Py)(EEt3) (E = Si: 1-SiPy, Ge: 
1-GePy, Sn: 1-SnPy), were prepared by the photoreaction of 1-Si, 1-Ge or 1-Sn with 
pyridine.  Finally, these pyridine complexes were allowed to react with Et3E’H (E’ 
=Si, Ge, Sn) at room temperature to give, CpFe(CO)(H)(EEt3)(E’Et3) (E, E’ = Si, Ge: 
1-SiGe, Si, Sn: 1-SiSn, Ge, Sn: 1-GeSn).  To prepare these complexes, the 
combination of pyridine complex and Et3E’H is also important because the 
inappropriate reaction order leads to the mixture of three kinds of hydride complexes 
due to the ligand substitutions, for example of the reaction of 1-SiPy with Et3GeH 
gives a mixture of 1-Si2, 1-SiGe and 1-Ge2.  The trend of the ligand substitution 
reactions was investigated by the NMR studies.  The order of the substitution rates is 
Si > Ge >>Sn.  It seems that the order of the substitution depends on the thermal 
stability of the Et3EH.  This is the first systematic study on the exchange of group 14 
element ligands in a coordination sphere of a transition metal. 
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1-11 Experimental Section 
General Procedures
 
All manipulations were carried out using standard Schlenk techniques under a 
nitrogen atmosphere.  Benzene, hexane, ether and THF were distilled from sodium 
and benzophenone prior to use and stored under a nitrogen gas.  Other chemicals 
purchased were used without further purification.  NMR spectra (
1
H, 
13
C{1H}, 
29
Si{
1
H}, 
31
P{
1
H} and 
119
Sn{
1
H}) were recorded on a JNM AL-400 spectrometer. 
1
H 
and 
13
C{
1
H} NMR data were referred to residual peaks of solvent as an internal 
standard.  Peak positions of the 
29
Si{
1
H}, 
31
P{
1
H} and 
119
Sn{
1
H} NMR spectra were 
referenced to an external Me4Si ( = 0), 85% H3PO4 ( = 0) and Me4Sn ( =0).  IR 
spectra were recorded on a Perkin Elmer FTIR-Spectrum one.  Photoirradiation was 
performed with a 400 W medium-pressure mercury arc lamp at 25 ºC. 
 
Preparation of Et3SnH
21 
An ether solution (15 mL) with suspended LiAlH4 (300 mg, 8.0 mmol) was 
maintained at 0 ºC then Et3SnCl (890 L, 5.3 mmol) in ether (15 mL) was added 
slowly.  The precipitated solids were filtered off and washed with ether (5 mL, 
twice).  The solvent was removed under reduced pressure to give the title compound 
(803 mg, 72%).  
1
H NMR (400 MHz, C6D6):  = 0.77-0.88 (m, 6H, Sn(CH2CH3)3), 
1.16-1.22 (m, 9H, Sn(CH2CH3)3), 5.05 (br, 1H, SnH). 
 
Preparation of {CpFe(CO)2}2
24 
A Cp2 (400 mL, 3.06 mol) solution containing Fe(CO)5 (60 mL, 0.306 mol) was 
refluxed (keep under 140 ºC bath temperature to avoid the formation of iron powder) 
for 15 h under a nitrogen atmosphere.  After cooling the reaction mixture to room 
temperature, the precipitated purple solid was collected by filtration and washed with 
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hexane (10 mL) several times.  The solid was dried under reduced pressure to give 
the title compound (49.07 g, 92%).  
1
H NMR (400 MHz, C6D6): δ = 4.21 (s, 10H, 
Cp).  
13
C{
1
H} NMR (100.4 MHz, C6D6): δ = 88.5 (s, Cp).  IR (cm
–1
, THF): ν(CO) 
1989 (s), 1953 (s). 
 
Preparation of CpFe(CO)2(Me) (1-1)
25 
NaK2.8 (1.7 mL) was added to a THF (50 mL) solution containing {CpFe(CO)2}2 
(1.24 g, 3.50 mmol) under a nitrogen atmosphere.  After stirring the solution for 1 h 
at room temperature, unsolved materials were filtered off with a glass filter and 
washed with THF (5 mL, twice).  The MeI (650 L, 10.5 mmol) was added to the 
filtrate as soon as possible.  The solution containing CpFe(CO)2

 anion must be kept 
at less than -20 ºC until allowing it to react with MeI.  After stirring the solution for 
3 h at room temperature, volatile compounds were removed under reduced pressure.  
The residue was dissolved in hexane and loaded on an alumina column and eluted 
with hexane in air.  The yellow band was collected and the solvent was removed 
under reduced pressure to give the title compound as a yellow powder (950 mg, 71%).  
1
H NMR (400 MHz, C6D6): δ = 0.31 (s, 3H, Me), 3.98 (s, 5H, Cp). 
 
Preparation of CpFe(CO)2(SiEt3) (1-Si)
11 
Complex 1-Si was prepared in a manner similar to that for 1-1.  NaK2.8 (1.8 mL) was 
added to a THF (60 mL) solution containing {CpFe(CO)2}2 (1.28 g, 3.62 mmol).  
After stirring the solution for 1 h at room temperature, unsolved materials were 
filtered off with a glass filter and washed with THF (5 mL, twice).  Et3SiCl (1.8 mL, 
10.9 mmol) was added to the filtrate as soon as possible.  After stirring the solution 
for 3 h at room temperature, volatile compounds were removed under reduced 
pressure.  The residue was passed through an alumina column with a hexane eluent.  
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The yellow band was collected and the solvent was removed to give the title 
compound as a reddish yellow oil (2.10 g, 99%).   
1
H NMR (400 MHz, C6D6): δ = 
0.92 (q, JHH = 7.8 Hz, 6H, Si(CH2CH3)3), 1.11 (t, JHH = 7.8 Hz, 9H, Si(CH2CH3)3), 
4.08 (s, 5H,Cp). 
13
C{
1
H} NMR (100.4 MHz, C6D6): δ =  9.4 (s, Si(CH2CH3)3), 12.2 
(s, Si(CH2CH3)3), 83.2 (s, Cp) , 216.3 (s, CO).  
29
Si{
1
H} NMR (79.3 MHz, C6D6): δ 
= 53.1.  
 
Preparation of CpFe(CO)2(GeEt3) (1-Ge)
12 
Complex 1-Ge was prepared in a manner similar to that for 1-1.  To a THF solution 
(60 mL) containing K[CpFe(CO)2] prepared from NaK2.8 (2.4 mL) and {CpFe(CO)2}2 
(1.81 g, 5.12 mmol) was added Et3GeCl (1.8 mL, 10.8 mmol).  After stirring the 
mixture for 3 h at room temperature, volatile compounds were removed under 
reduced pressure.  The residue was passed through an alumina column with hexane 
eluent.  The yellow band was collected and the solvent was removed to give the title 
compound as a reddish yellow oil (2.77 g, 80%).  
1
H NMR (400 MHz, C6D6): δ = 
1.08 (q, JHH = 7.8 Hz, 6H, Ge(CH2CH3)3), 1.19 (t, JHH = 7.8 Hz, 9H, Ge(CH2CH3)3), 
4.08 (s, 5H,Cp). 
13
C{
1
H} NMR (100.4 MHz, C6D6): δ = 10.8 (s, Ge(CH2CH3)3), 12.7 
(s, Ge(CH2CH3)3), 82.5 (s, Cp) , 216.5 (s, CO).  IR (cm
–1
, benzene): ν (CO) 1934 (s), 
1988 (s). 
 
Preparation of CpFe(CO)2(SnEt3) (1-Sn) 
1-Sn was prepared in a manner similar to that for 1-1.  To a THF solution (80 mL) 
containing K[CpFe(CO)2] prepared from NaK2.8 (3.9 mL) and {CpFe(CO)2}2 (2.92 g, 
8.96 mmol) was added Et3SnCl (2.2 mL, 14.9 mmol).  After stirring the mixture for 
3 h at room temperature, volatile compounds were removed under reduced pressure.  
The residue was passed through an alumina column with hexane eluent.  The yellow 
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band was collected and the solvent was removed to give the title compound as a 
reddish yellow oil (5.01 g, 80%).  
1
H NMR (400 MHz, C6D6): δ = 1.15 (q, JHH = 8.5 
Hz, 6H, Sn(CH2CH3)3), 1.35 (t, JHH = 8.5 Hz, 9H, Sn(CH2CH3)3), 4.11 (s, 5H,Cp).  
13
C{
1
H} NMR (100.4 MHz, C6D6): δ = 6.1 (s, JCSn = 114.4 Hz, Sn(CH2CH3)3), 12.7 (s, 
JCSn = 10.8 Hz, Sn(CH2CH3)3), 81.3 (s, Cp) , 216.0 (s, CO).  
119
Sn{
1
H} NMR (148.9 
MHz, C6D6):  = 166.51 (s).  IR (cm
–1
, benzene): ν (CO) 1925 (s), 1981 (s).  
Elemental analysis; Calcd: C13H20O2SnFe: C, 40.78; H, 5.27; Found: C, 41.08; H, 
5.23%. 
 
Preparation of CpFe(CO)(Py)(SiEt3) (1-SiPy)
14 
A solution containing CpFe(CO)2(SiEt3) (1-Si) (380 mg, 1.30 mmol) and pyridine 
(0.50 mL, 6.50 mmol) in benzene (10 mL) was photoirradiated with a 400 W medium 
pressure mercury arc lamp at 25 °C for several hours under a nitrogen atmosphere.  
During the irradiation, the generated CO was released several times.  Removal of 
volatile materials under reduced pressure led to the formation of a dark red oil, which 
was dissolved in hexane (1 mL). Cooling the hexane solution at –30 °C for 12 h 
resulted in the formation of dark red crystals, which were collected by filtration and 
dried in vacuo to give CpFe(CO)(SiEt3)(Py) (1-SiPy) (347 mg, 78%).  
1
H NMR (400 
MHz, C6D6): δ = 0.92 (m, 6H, Si(CH2CH3)3), 1.19 (t, JHH = 7.8 Hz, 9H, Si(CH2CH3)3), 
4.21 (s, 5H,Cp), 5.86 (t, JHH = 7.2 Hz, 2H, Py), 6.40 (d, JHH = 7.2 Hz, 1H, Py), 8.47 (t, 
JHH = 7.2 Hz, 2H, Py).  
13
C{
1
H} NMR (100.4 MHz, C6D6): δ = 10.2 (s, 
Si(CH2CH3)3), 11.0 (s, Si(CH2CH3)3), 81.7 (s, Cp) , 122.9 (s, Py), 133.5 (s, Py), 157.7 
(s, Py), 223.5 (s, CO).  IR (cm
–1
, benzene): ν(CO) 1879 (s).  29Si{1H} NMR (79.3 
MHz, C6D6): δ = 50.2.  
 
Preparation of CpFe(CO)(Py)(GeEt3) (1-GePy) 
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A solution containing CpFe(CO)2(GeEt3) (1-Ge) (538 mg, 1.60 mmol) and pyridine 
(0.80 mL, 7.99 mmol) in benzene (10 mL) was photoirradiated with a 400 W medium 
pressure mercury arc lamp at 25 °C for several hours under a nitrogen atmosphere.  
During the irradiation, the generated CO was released several times. Removal of 
volatile materials under reduced pressure led to the formation of a dark red oil, which 
was dissolved in hexane (1 mL). Cooling the hexane solution at –30 °C for 12 h 
resulted in the formation of dark red crystals, which were collected by filtration and 
dried in vacuo to give CpFe(CO)(GeEt3)(Py) (1-GePy) (501 mg, 81%).  
1
H NMR 
(400 MHz, C6D6): δ = 1.09 (q, JHH = 8.0 Hz, 6H, Ge(CH2CH3)3), 1.26 (t, JHH = 8.0 Hz, 
9H, Ge(CH2CH3)3), 4.19 (s, 5H, Cp), 5.86 (t, JHH = 7.6 Hz, 2H, Py), 6.40 (t, JHH = 7.6 
Hz, 1H, Py), 4.32 (d, JHH = 7.6 Hz, 2H, Py). 
13
C{
1
H} NMR (100.4 MHz, C6D6): δ = 
10.6 (s, Ge(CH2CH3)3), 11.3 (s, Ge(CH2CH3)3), 80.6 (s, Cp), 122.8 (s, Py), 133.7(s, 
Py), 157.9 (s, Py), 223.8 (CO). IR (cm
–1
, benzene): ν(CO) 1960 (s). Elemental 
analysis; Calcd: C17H25NOGeFe: C, 52.64; H, 6.50; N, 3.61%; Found: C, 52.03; H, 
6.42; N, 3.46%. 
 
Preparation of CpFe(CO)(Py)(SnEt3) (1-SnPy) 
A solution containing CpFe(CO)2(SnEt3) (1-Sn) (374 mg, 0.977 mmol) and pyridine 
(0.40 mL, 4.88 mmol) in benzene (10 mL) was photoirradiated with a 400 W medium 
pressure mercury arc lamp at 25 °C for several hours under a nitrogen atmosphere. 
During the irradiation, the generated CO was released several times. Removal of 
volatile materials under reduced pressure led to the formation of a dark red oil, which 
was dissolved in hexane (1 mL). Cooling the hexane solution at –30 °C for 12 h 
resulted in the formation of dark red crystals, which were collected by filtration and 
dried in vacuo to give CpFe(CO)(SnEt3)(Py) (1-SnPy) (407 mg, 96%).  
1
H NMR 
(400 MHz, C6D6): δ = 1.10 (q, JHH = 8.5 Hz, 6H, Sn(CH2CH3)3), 1.41 (t, JHH = 8.5 Hz, 
9H, Sn(CH2CH3)3), 4.19 (s, 5H,Cp), 5.83 (t, JHH = 6.1 Hz, 2H, Py), 6.38 (t, JHH = 6.1 
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Hz, 1H, Py), 8.55 (d, JHH = 6.1 Hz, 2H, Py).  
13
C{
1
H} NMR (100.4 MHz, C6D6): δ = 
3.5 (t, JCSn = 78.8 Hz, Sn(CH2CH3)3), 12.7 (t, JCSn = 10.0 Hz , Sn(CH2CH3)3), 79.0 (s, 
Cp), 122.9 (s, Py), 133.8 (s ,Py), 157.9 (s, Py), 223.6 (s, CO).  
119
Sn{
1
H} NMR 
(148.9 MHz, in C6D6):  = 128.32 (s).  IR (cm
–1
, benzene): ν(CO) 1960 (s). 
Elemental analysis; Calcd: C17H25NOSiFe: C, 47.05; H, 5.81; N, 3.23%; Found: C, 
46.50; H, 5.72; N, 3.09%. 
 
Preparation of CpFe(CO)(PPh3)(Me) (1-P)
13 
A solution containing 1-1 (192 mg, 1.00 mmol) and PPh3 (262 mg, 1.00 mmol) in 
toluene (10 mL) was stirred at 5 °C under photo-irradiation.  After 12 h, removal of 
volatile materials under reduced pressure led to the formation of an orange solid of 
CpFe(CO)(PPh3)(Me) (1-P) (421 mg, 99%).  
1
H NMR (400 MHz, C6D6): δ = 0.32 (d, 
JHP = 6.4 Hz, 3H, Me), 4.11 (s, 5H, Cp), 6.95-7.10 (m, 9H, Ph), 7.50-7.58 (m, 6H, Ph).  
31
P{
1
H} NMR (162 MHz, C6D6):  = 84.52 (s). 
 
Preparation of CpFe(CO)(PPh3)(SiEt3) (1-SiP)
11 
A solution containing 1-P (133 mg, 0.31 mmol) and Et3SiH (154 μL, 0.95 mmol) in 
toluene (10 mL) was stirred at 80 °C.  After 2 h, removal of volatile materials under 
reduced pressure led to the formation of an orange solid, which was washed with 
hexane, collected by filtration, and dried in vacuo to give an orange powder of 1-SiP 
(146 mg, 78%).  
1
H NMR (400 MHz, C6D6): δ = 0.66-0.79 (m, 3H, CH2), 1.01-1.12 
(m, 3H, CH2), 1.22 (t, JHH = 7.8 Hz, 9H, Si(CH2CH3)3), 4.13 (s, 5H, Cp), 7.12-7.23 
(m, 9H, Ph), 7.42-7.55 (m, 6H, Ph). 
 
Preparation of CpFe(CO)(PPh3)(GeEt3) (1-GeP) 
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Complex 1-GeP was prepared in a manner similar to that for 1-SiP.  A solution 
containing 1-P (152 mg, 0.356 mmol) and Et3GeH (170 μL, 1.07 mmol) in toluene 
(10 mL) was stirred at 80 °C.  After 2 h, removal of volatile materials under reduced 
pressure led to the formation of an orange solid, which was washed with hexane, 
collected by filtration, and dried in vacuo to give an orange powder of 1-GeP (161 mg, 
90%).  
1
H NMR (400 MHz, C6D6): δ = 0.75-0.88 (m, 3H, CH2), 0.99-1.09 (m, 3H, 
CH2), 1.28 (t, JHH = 7.8 Hz, 9H, CH3), 4.15 (s, 5H, Cp), 7.00 (m, 9H, Ph), 7.60 (m, 
6H, Ph).  
13
C{
1
H} NMR (100.4 MHz, C6D6): δ = 11.60 (s, Ge(CH2CH3)3), 12.53 (s, 
CH2CH3), 82.44 (s, Cp), 129.40 (s, Ph), 133.69 (d, JPC = 10.0 Hz, Ph), 139.22 (d, JPC 
= 1.7 Hz, Ph), 139.62 (d, JPC = 1.7 Hz, Ph), 221.25 (d, JPC = 30.7 Hz, CO).  
31
P{
1
H} 
NMR (162 MHz, C6D6):  = 79.43 (s).  IR (cm
–1
, benzene): ν(CO) 1900 (s).  
Elemental analysis; Calcd: C30H35OPGeFe: C, 63.10; H, 6.18%; Found: C, 62.96; H, 
6.20%. 
 
Preparation of CpFe(CO)(PPh3)(SnEt3) (1-SnP) 
Complex 1-SnP was prepared in a manner similar to that for 1-SiP.  A solution 
containing 1-P (136 mg, 0.32 mmol) and Et3SnH (156 μL, 0.96 mmol) in toluene (10 
mL) was stirred at 80 °C.  After 2 h, removal of volatile materials under reduced 
pressure led to the formation of an orange solid, which was washed with hexane, 
collected by filtration, and dried in vacuo to give an orange powder of 1-SnP (174 mg, 
88%).  
1
H NMR (400 MHz, C6D6): δ = 0.75-0.88 (m, 3H, CH2), 0.97-1.12 (m, 3H, 
CH2), 1.30 (t, JHH = 7.8 Hz, 9H, CH3), 4.14 (s, 5H, Cp), 7.05-7.12 (m, 9H, Ph), 
7.52-7.64 (m, 6H, Ph). 
 
Synthesis of CpFe(CO)(H)(GeEt3)2 (1-Ge2) 
A benzene solution (2 mL) containing CpFe(CO)2(Me) (35 mg, 0.18 mmol) and 
Et3GeH (59 L, 0.36 mmol) was stirred at 60 °C.  After 12 h, removal of volatile 
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materials under reduced pressure led to the formation of a dark red oil, which was 
dissolved in hexane (2 mL).  After the hexane solution was cooled at –60 °C for 24 h, 
the resulting yellow crystals were collected by filtration and dried in vacuo to give 
1-Ge2 (69 mg, 81%).  
1
H NMR (400 MHz, C6D6): = –12.67 (s, 1H, FeH), 1.10 (q, 
JHH = 7.3 Hz, 12H, CH2CH3), 1.21 (t, JHH = 7.3 Hz, 18H, CH2CH3), 4.15 (s, 5H, Cp).  
13
C{
1
H} NMR (100.4 MHz, C6D6): = 10.61 (s, CH2CH3), 13.20 (s, CH2CH3), 81.64 
(s, Cp), 214.86 (s, CO).  IR (cm
–1
, benzene): ν(CO) 1926 (s). Elemental analysis; 
Calcd: C18H36FeGe2O: C, 46.04; H, 7.73; Found: C, 46.11; H, 7.76%. 
 
Synthesis of CpFe(CO)(H)(GePh3)2 (1-Ge2’) 
Complex 1-Ge2’ was prepared in a manner similar to that for 1-Ge2.  A benzene 
solution (2 mL) containing CpFe(CO)2(Me) (35 mg, 0.18 mmol) and Ph3GeH (111 
mg, 0.37 mmol) was stirred at 60 °C.  After 12 h, removal of volatile materials under 
reduced pressure led to the formation of a dark red oil, which was dissolved in hexane 
(2 mL).  After the hexane solution was cooled at –60 °C for 24 h, the resulting 
yellow crystals were collected by filtration and dried in vacuo to give 1-Ge2’ (92 mg, 
67%).  
1
H NMR (400 MHz, C6D6): = –10.38 (s, 1H, FeH), 4.11 (s, 5H, Cp), 7.11 
(m, 18H, Ph), 7.65 (m, 12H, Ph). 
13
C{
1
H} NMR (100.4 MHz, C6D6): = 85.75 (s, 
Cp), 128.21 (s, Ph), 135.25 (s, Ph), 144.69 (s, Ph), 215.00 (s, CO), a signal of one 
phenyl carbon was not observed by overlapping the solvent peak.  IR (cm
–1
, 
benzene): ν(CO) 1912 (s).  Elemental analysis; Calcd: C42H36FeGe2O: C, 66.56; H, 
4.79; Found: C, 66.46; H, 5.01%. 
 
Preparation of CpFe(CO)(H)(SiEt3)(GeEt3) (1-SiGe) 
A solution containing CpFe(CO)(Py)(GeEt3) (1-GePy) (301 mg, 0.78 mmol) and 
Et3SiH (188 μL, 1.16 mmol) in benzene (4 mL) was stirred at 25 °C for 24 h.  The 
volatile components were removed under high vacuum.  Benzene (4 mL) and Et3SiH 
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(94 μL, 0.58 mmol) were added to the residue.  The reaction mixture was stirred at 
25 °C for 24 h.  This process was repeated until the color of the solution was turned 
from dark red to yellow.  Removal of volatile materials under reduced pressure led 
to the formation of a yellow oil, which was dissolved in hexane (2 mL).  Cooling the 
hexane solution at –65 °C for 24 h resulted in the formation of colorless crystals, 
which were collected by filtration and dried in vacuo to give 1-SiGe (229 mg, 69%).  
1
H NMR (400 MHz, C6D6): δ = –13.62 (s, 1H, FeH), 0.91 (q, JHH = 7.3 Hz, 6H, 
Si(CH2CH3)3), 1.00–1.17 (m, 15H, Ge(CH2CH3)3, Si(CH2CH3)3), 1.21 (t, JHH = 7.3 
Hz, 9H, Ge(CH2CH3)3), 4.15 (s, 5H, Cp).  
13
C{
1
H} NMR (100.4 MHz, C6D6): δ = 
9.7 (s, Si(CH2CH3)3), 10.9 (s, Ge(CH2CH3)3), 13.2 (s, Si(CH2CH3)3), 13.5 (s, 
Ge(CH2CH3)3), 82.5 (s, Cp), 214.7 (s, CO).  
29
Si{
1
H} NMR (79.3 MHz, C6D6): δ = 
42.5. IR (cm
–1
, benzene): ν(CO) 1923 (s).  Elemental analysis; Calcd: 
C18H36OGeSiFe: C, 50.86; H, 8.54%; Found: C, 50.95; H, 8.57%. 
 
Synthesis of CpFe(CO)(H)(SiEt3)(SnEt3) (1-SiSn) 
Complex 1-SiSn was prepared in a manner similar to that for 1-SiGe.  A solution 
containing CpFe(CO)(Py)(SnEt3) (1-SnPy) (190 mg, 0.44 mmol) and Et3SiH (105 μL, 
0.66 mmol) in benzene (4 mL) was stirred at 25 °C for 24 h.  The volatile 
components were removed under high vacuum.  Benzene (4 mL) and Et3SiH (53 μL, 
0.33 mmol) were added to the residue.  The reaction mixture was stirred at 25 °C for 
24 h.  This process was repeated until the color of the solution was turned from dark 
red to yellow.  Removal of volatile materials under reduced pressure led to the 
formation of a yellow oil, which was dissolved in hexane (2 mL).  Cooling the 
hexane solution at –65 °C for 24 h resulted in the formation of colorless crystals, 
which were collected by filtration and dried in vacuo to give 1-SiSn (120 mg, 58%).  
1
H NMR (400 MHz, C6D6): δ = –13.83 (s, JHSn = 11.0 Hz, 1H, FeH), 0.89 (q, JHH = 
7.3 Hz, 6H, Si(CH2CH3)3), 1.12–1.19 (m, 15H, Si(CH2CH3)3, Sn(CH2CH3)3), 1.35 (t, 
 48 
 
JHH = 8.5 Hz, 9H, Sn(CH2CH3)3), 4.16 (s, 5H, Cp).  
13
C{
1
H} NMR (100.4 MHz, 
C6D6): δ = 6.7 (s, JCSn = 124.4 Hz, Sn(CH2CH3)3), 9.7 (s, Si(CH2CH3)3), 12.3 (s, JCSn 
= 11.6 Hz, Sn(CH2CH3)3), 13.1 (s, Si(CH2CH3)3), 80.8 (s, Cp), 213.7 (s, CO).  
29
Si{
1
H} NMR (79.3 MHz, C6D6): δ = 43.8. 
 119
Sn{
1
H} NMR (149.2 MHz, C6D6): δ 
= 149.0.  IR (cm
–1
, benzene): ν(CO) 1923 (s).  Elemental analysis; Calcd: 
C18H36OSiSnFe: C, 45.90; H, 7.70%; Found: C, 45.89; H, 7.71%. 
 
Synthesis of CpFe(CO)(H)(GeEt3)(SnEt3) (1-GeSn) 
Complex 1-GeSn was prepared in a manner similar to that for 1-SiGe.  A solution 
containing CpFe(CO)(Py)(SnEt3) (1-SnPy) (171 mg, 0.39 mmol) and Et3GeH (96 μL, 
0.59 mmol) in benzene (4 mL) was stirred at 25 °C for 24 h.  The volatile 
components were removed under high vacuum.  Benzene (4 mL) and Et3GeH (48 μL, 
0.29 mmol) were added to the residue.  The reaction mixture was stirred at 25 °C for 
24 h.  This process was repeated until the color of the solution was turned from dark 
red to yellow.  Removal of volatile materials under reduced pressure led to the 
formation of a yellow oil, which was dissolved in hexane (2 mL).  Cooling the 
hexane solution at –65 °C for 24 h resulted in the formation of colorless crystals, 
which were collected by filtration and dried in vacuo to give 1-GeSn (165 mg, 81%).  
1
H NMR (400 MHz, C6D6): δ = –12.93 (s, JHSn = 7.3 Hz, 1H, FeH), 1.07–1.15 (m, 
12H, Sn(CH2CH3)3, Ge(CH2CH3)3), 1.19 (t, JHH = 7.3 Hz, 9H, Ge(CH2CH3)3), 1.35 (t, 
JHH = 8.5 Hz, 9H, Sn(CH2CH3)3), 4.16 (s, 5H, Cp).  
13
C{
1
H} NMR (100.4 MHz, 
C6D6): δ = 6.4 (s, JCSn = 128.5 Hz, Sn(CH2CH3)3), 10.6 (s, Ge(CH2CH3)3), 12.0 (s, 
JCSn = 11.6 Hz, Sn(CH2CH3)3), 13.1 (s, Ge(CH2CH3)3), 79.9 (s, Cp), 213.6 (s, CO). 
119
Sn{
1
H} NMR (149.2 MHz, C6D6): δ = 173.2.  IR (cm
–1
, benzene): ν(CO) 1920 (s).  
Elemental analysis; Calcd: C18H36OGeSnFe: C, 41.92; H, 7.04%. Found: C, 42.00; H, 
6.89 %.  
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Synthesis of CpFe(CO)(H)(SnEt3)2 (1-Sn2) 
Complex 1-Sn2 was prepared in a manner similar to that for 1-SiGe.  A solution 
containing CpFe(CO)(Py)(SnEt3) (1-SnPy) (109 mg, 0.25 mmol) and Et3SnH (104 μL, 
0.50 mmol) in benzene (4 mL) was stirred at 25 °C for 24 h.  The volatile 
components were removed under high vacuum.  Benzene (4 mL) and Et3SnH (52 μL, 
0.25 mmol) were added to the residue.  The reaction mixture was stirred at 25 °C for 
24 h.  This process was repeated until the color of the solution was turned from dark 
red to yellow.  Removal of volatile materials under reduced pressure led to the 
formation of a yellow oil, which was dissolved in hexane (2 mL).  Cooling the 
hexane solution at –65 °C for 24 h resulted in the formation of colorless crystals, 
which were collected by filtration and dried in vacuo to give 1-Sn2 (123 mg, 87%).  
1
H NMR (400 MHz, C6D6): δ = –13.25 (s, 1H, FeH), 1.11 (q, JHH = 7.3 Hz, 12H, 
Sn(CH2CH3)3), 1.34 (t, JHH = 7.3 Hz, 18H, Sn(CH2CH3)3), 4.16 (s, 5H, Cp).  
13
C{
1
H} NMR (100.4 MHz, C6D6): δ = 6.6 (s, JCSn = 130.20 Hz, Sn(CH2CH3)3), 12.2 
(s, JCSn = 10.8 Hz, Sn(CH2CH3)3), 78.6 (s, Cp), 228.4 (s, CO).  
119
Sn{
1
H} NMR 
(149.2 MHz, C6D6): δ = 149.1.  IR (cm
–1
, benzene): ν(CO) 1914 (s).  Elemental 
analysis; Calcd: C18H36OSn2Fe: C, 38.49; H, 6.46%. Found: C, 38.64; H, 6.47%. 
 
Reaction of 1-SiP with one equiv of Et3GeH 
To a solution of 1-SiP (5.4 mg, 0.010 mmol) in C6D6 (0.5 mL) in an NMR tube were 
added Et3GeH (1.6 L, 0.010 mmol) and triphenylmethane (2.5 mg, 0.010 mmol) as 
an internal standard.  After heating the reaction mixture at 80 °C for 12 h, the germyl 
phosphine complex 1-GeP was observed in 95%. 
 
Reaction of 1-SiP with one equiv of Et3SnH 
To a solution of 1-SiP (5.8 mg, 0.011 mmol) in C6D6 (0.5 mL) in an NMR tube were 
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added Et3SnH (1.8 L, 0.011 mmol) and triphenylmethane (2.6 mg, 0.011 mmol) as 
an internal standard.  After heating the reaction mixture at 80 °C for 12 h, the stanyl 
phosphine complex 1-SnP was observed in 98%. 
 
Reaction of 1-Si2 with 10 equiv of Et3GeH 
To a solution of 1-Si2 (4.5 mg, 0.012 mmol) in C6D6 (0.5 mL) in an NMR tube were 
added Et3GeH (19 L, 0.12 mmol) and triphenylmethane (2.9 mg, 0.012 mmol) as an 
internal standard.  The 
1
H NMR spectra were recorded over 1 h at 60 °C.  After 3 
min, the products in the NMR tube were CpFe(CO)(H)(SiEt3)(GeEt3) 1-SiGe and 
CpFe(CO)(H)(GeEt3)2 1-Ge2.  The amount of 1-SiGe is almost constant during the 
course of the reaction.  Finally, all complexes were converted into 
CpFe(CO)(H)(GeEt3)2 1-Ge2 in 92 % NMR yield. 
 
Reaction of 1-Si2 with 10 equiv of Et3SnH 
To a solution of 1-Si2 (4.8 mg, 0.012 mmol) in C6D6 (0.5 mL) in an NMR tube were 
added Et3SnH (24.0 mg, 0.12 mmol) and triphenylmethane (2.9 mg, 0.012 mmol) as 
an internal standard.  The 
1
H NMR spectra were recorded over 1 h at 60 °C.  After 
3 min, the products in the NMR tube were CpFe(CO)(H)(SiEt3)(SnEt3) 1-SiSn and 
CpFe(CO)(H)(SnEt3)2 1-Sn2.  Finally, the all complexes were converted into 
CpFe(CO)(H)(SnEt3)2 1-Sn2 in 94 % NMR yield. 
 
Reaction of 1-Ge2 with 10 equiv of Et3SiH 
To a solution of 1-Ge2 (5.2 mg, 0.011 mmol) in C6D6 (0.5 mL) in an NMR tube were 
added Et3SiH (18 L, 0.11 mmol) and triphenylmethane (2.6 mg, 0.011 mmol) as an 
internal standard.  The 
1
H NMR spectra were recorded over 12 h at 60 °C.  After 1, 
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the products in the NMR tube were CpFe(CO)(H)(SiEt3)(GeEt3) 1-SiGe and 
CpFe(CO)(H)(SiEt3)2 1-Si2 in 5% and 38% yields, respectively.  After 12 h, the 
conversion into 1-Si2 to 1-Ge2 was not completed and the yields of products were 
decreased due to the thermal decomposition. 
 
Reaction of 1-Ge2 with 10 equiv of Et3SnH 
To a solution of 1-Ge2 (5.5 mg, 0.012 mmol) in C6D6 (0.5 mL) in an NMR tube were 
added Et3SnH (24.0 mg, 0.12 mmol) and triphenylmethane (2.9 mg, 0.012 mmol) as 
an internal standard.  The 
1
H NMR spectra were recorded over 12 h at 60 °C.  After 
0.5 h, the products in the NMR tube were CpFe(CO)(H)(GeEt3)(SnEt3) 1-GeSn and 
CpFe(CO)(H)(SnEt3)2 1-Sn2.  Finally, the all complexes were converted into 
CpFe(CO)(H)(SnEt3)2 1-Sn2 in 99 % NMR yield. 
 
Reaction of 1-Sn2 with equiv of Et3SiH 
To a solution of 1-Sn2 (16.0 mg, 0.028 mmol) in C6D6 (0.5 mL) in an NMR tube 
were added Et3SiH (46.0 μL, 0.28 mmol) and triphenylmethane (7.0 mg, 0.028 mmol) 
as an internal standard.  The 
1
H NMR spectra were recorded at 60 °C.  After 24 h, 
96 % of 1-Sn2 was observed remained unreacted and signals due to other complexes 
were not observed. 
 
Reaction of 1-Sn2 with equiv of Et3GeH 
To a solution of 1-Sn2 (25.0 mg, 0.045 mmol) in C6D6 (0.5 mL) in an NMR tube 
were added Et3GeH (72.0 μL, 0.45 mmol) and triphenylmethane (11.0 mg, 0.045 
mmol) as an internal standard.  The 
1
H NMR spectra were recorded at 60 °C.  After 
24 h, 95% of 1-Sn2 remained unreacted and signals due to other complexes were not 
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observed. 
 
Reaction of 1-SiGe with 10 equiv of Et3SnH 
To a solution of 1-SiGe (5.0 mg, 0.012 mmol) in C6D6 (0.5 mL) in an NMR tube were 
added Et3SnH (24.0 mg, 0.12 mmol) and triphenylmethane (2.9 mg, 0.012 mmol) as 
an internal standard.  The 
1
H NMR spectra were recorded over 6 h at 60 °C.  After 
5 min, the product in the NMR tube was CpFe(CO)(H)(GeEt3)(SnEt3) 1-GeSn (96%) 
and signals due to other complexes were not observed.  Finally, 
CpFe(CO)(H)(SnEt3)2 1-Sn2 was formed in 91 % NMR yield. 
 
Reaction of 1-SiSn with 10 equiv of Et3GeH 
To a solution of 1-SiSn (13.0 mg, 0.028 mmol) in C6D6 (0.5 mL) in an NMR tube 
were added Et3GeH (45.0 μL, 0.28 mmol) and triphenylmethane (6.7 mg, 0.028 
mmol) as an internal standard. The 
1
H NMR spectra were recorded at 60 °C.  After 
30 min, the product in the NMR tube was CpFe(CO)(H)(GeEt3)(SnEt3) 1-GeSn 
(97%). 
 
Reaction of 1-SiSn with 10 equiv of Et3SnH 
To a solution of 1-SiSn (14.0 mg, 0.030 mmol) in C6D6 (0.5 mL) in an NMR tube 
were added Et3SnH (62.0 mg, 0.30 mmol) and triphenylmethane (7.3 mg, 0.030 
mmol) as an internal standard.  The 
1
H NMR spectra were recorded at 60 °C.  After 
30 min, the product in the NMR tube was CpFe(CO)(H)(SnEt3)2 1-Sn2 (98%). 
 
Reaction of 1-GeSn with 10 equiv of Et3SnH 
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To a solution of 1-GeSn (13.0 mg, 0.025 mmol) in C6D6 (0.5 mL) in an NMR tube 
were added Et3SnH (52.2 mg, 0.25 mmol) and triphenylmethane (6.2 mg, 0.025 
mmol) as an internal standard.  The 
1
H NMR spectra were recorded at 60 °C.  After 
6 h, the product in the NMR tube was CpFe(CO)(H)(SnEt3)2 1-Sn2 (99%). 
 
X-ray diffraction structure analyses of 1-Ge2 and 1-Ge2’ 
Yellow crystals of 1-Ge2 and 1-Ge2’ suitable for an X-ray diffraction studies were 
obtained through crystallization from hexane.  The single crystal was mounted in a 
glass capillary. All of data were collected at -70 ºC on Rigaku AFC-7/Mercury CCD 
area-detector diffractometer equipped with monochromated MoKα radiation. 
Calculations for 1-Ge2 and 1-Ge2’ were performed with the CrystalClear software 
package of Molecular Structure Corporation.  A full-matrix least-squares refinement 
was used for the nonhydrogen atoms with anisotropic thermal parameters.  
Hydrogen atoms except for the FeH hydrogen of 1-Ge2 and 1-Ge2’ were located by 
assuming the ideal geometry and were included in the structure calculation without 
further refinement of the parameters.  Crystal Data for 1-Ge2: C18H36FeGe2O, M = 
469.50, yellow prism, 0.80 × 0.40 × 0.40 mm
3
, triclinic, space group P-1 (No. 2), a = 
10.4400(12) Å, b = 14.1000(14) Å, c = 16.5000(14) Å,  = 63.600(5)º, β = 
98.592(3)°,  = 89.180(8)º, V = 2143.4(4) Å3, Z = 4, Dcalc = 1.455 g/cm3, 9596 
reflections collected, 8442 (I > 3σI) unique reflections were used in all calculations, 
number of variables = 437, R = 0.0447, Rw = 0.1009 and goodness of fit = 1.000.  
Crystal Data for 1-Ge2’: C42H36FeGe2O, M = 757.74, yellow prism, 0.28 × 0.28 × 
0.10 mm
3
, triclinic, space group P-1 (No. 2), a = 12.931(2) Å, b = 14.400(2) Å, c = 
19.151(3) Å,  = 88.061(9)º, β = 87.698(8)°,  = 74.396(7)º, V = 3431.0(10) Å3, Z = 
4, Dcalc = 1.467 g/cm
3
, 13765 reflections collected, 12351 (I > 3σI) unique 
reflections were used in all calculations, number of variables = 829, R = 0.0802, Rw = 
0.1833 and goodness of fit = 1.032. 
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X-ray diffraction structure analyses of 1-SiGe, and 1-GeSn 
Crystals of 1-SiGe and 1-GeSn suitable for X-ray diffraction studies were separately 
mounted in a glass capillary.  All of data were collected at –70 ºC on Rigaku 
AFC-7/Mercury CCD area-detector diffractometer equipped with monochromated 
MoKα radiation.  All of calculations were performed with the CrystalClear software 
package of Molecular Structure Corporation. A full-matrix least-squares refinement 
was used for the nonhydrogen atoms with anisotropic thermal parameters. The 
positions of Si, Ge atoms for 1-SiGe and of Ge, Sn atoms for 1-GeSn were refined as 
a disordered model with these atoms each having 0.5 occupancy.  Hydrogen atoms 
except for the FeH hydrogen of 1-SiGe and 1-GeSn were located by assuming the 
ideal geometry and were included in the structure calculation without further 
refinement of the parameters. Crystal Data for 1-SiGe: C18H36FeGeOSi, M = 425.00, 
colorless prism, 0.17 × 0.06 × 0.05 mm
3
, monoclinic, space group C2/c (No. 15), a = 
30.938(3) Å, b = 10.2592(8) Å, c = 14.0810(14) Å, β = 98.592(3)°, V = 4255.5(7) Å3, 
Z = 8, Dcalc = 1.327 g/cm
3
, 4684 reflections collected, 4192 (I > 3σI) unique 
reflections were used in all calculations, number of variables = 220, R = 0.0571, Rw = 
0.1014 and goodness of fit = 1.000.  Crystal Data for 1-GeSn: C18H36FeGeOSn, M = 
515.60, yellow prism, 0.25 × 0.20 × 0.03 mm
3
, triclinic, space group P-1 (No. 2), a = 
10.401(3) Å, b = 13.834(4) Å, c = 16.214(3) Å,  = 75.504(17)º, β = 82.638(14)°,  = 
89.80(2)º, V = 2149.5(10) Å3, Z = 4, Dcalc = 1.593 g/cm3, 8925 reflections collected, 
7944 (I > 3σI) unique reflections were used in all calculations, number of variables = 
418, R = 0.0954, Rw = 0.1932 and goodness of fit = 1.086. 
 
X-ray diffraction structure analysis of 1-SnPy 
Deep red crystals of 1-SnPy suitable for an X-ray diffraction study were obtained 
through crystallization from hexane.  The single crystal was mounted in a glass 
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capillary. All of data were collected at -70 ºC on Rigaku AFC-7/Mercury CCD 
area-detector diffractometer equipped with monochromated MoKα radiation. 
Calculation for 1-SnPy was performed with the CrystalClear software package of 
Molecular Structure Corporation.  A full-matrix least-squares refinement was used 
for the nonhydrogen atoms with anisotropic thermal parameters.  Hydrogen atoms 
were located by assuming the ideal geometry and were included in the structure 
calculation without further refinement of the parameters (Figure 1-5). Crystal Data: 
C17H25FeN OSn, M = 433.92, red platelet, 0.13 × 0.13 × 0.02 mm
3
, monoclinic, space 
group P21/c (No. 14), a = 15.038(4) Å, b = 7.8271(19) Å, c = 15.717(4) Å, β = 
96.783(5)°, V = 1837.1(8) Å
3
, Z = 4, Dcalc = 1.569 g/cm
3
, 4174 reflections collected, 
3439 (I > 3σI) unique reflections were used in all calculations, number of variables = 
193, R = 0.0875, Rw = 0.1273, and goodness of fit = 1.065.  
 
Figure 1-5. ORTEP drawing of 1-SnPy with 50% thermal ellipsoidal plots.  
Hydrogen atoms were omitted for clarify. 
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Chapter 2. Synthesis of Vinylgermane by 
Iron Catalyzed Hydrogermylation 
 60 
 
2-1 Introduction 
As represented by Grignard reagents, the organometallic reagents have been drawing 
much attention because of the utility as a building block for the CC bond formation 
reactions. 
 
The vinylgermane is one of the organometallic compounds that can 
provide a vinyl group for other organic compounds with the help of a transition metal 
catalyst under appropriate reaction conditions.  Silicon and tin analogues of 
vinylgermane are widely employed for the formation of carbon and vinyl carbon bond.  
These reactions are called as Hiyama coupling
 
reactions (i)
1
 and Stille coupling 
reactions (ii),
2
 respectively.  However, no applications of the vinylgermane are 
known and only one application of the allylgermane has been reported to date.
3
  One 
of the reasons for this, being presumably the main reason, stems from the lack of 
methodology to prepare the vinylgermane efficiently.  Although vinylsilane and 
vinylstannane are often prepared by a catalytic addition of SiH bond in hydrogsilane 
(iii) or SnH bond in hydrostannane (iv) to alkyne which are straightforward and 
atom efficient synthetic routes to prepare these compounds, examples of the catalytic 
addition of GeH bond in hydrogermane to alkynes, which is called 
hydrogermylation, is quite limited.  Novel transition metal catalyzing 
hydrogermylation such as rhodium,
4
 platinum
5
 and palladium,
6
 and borane
7
 have been 
reported to date (v).  Although, the regio and/or stereo selectivity of the vinyl metal 
compounds is important,
8
 all of the hydrogermylation reactions reported have no 
stereo- and/or regio-selectivity except one.
9  
From these backgrounds, regio- and 
stereo-selective hydrogermylation of alkyne promoted by an environmentally benign 
catalyst have been strongly required.  A transition metal complex bearing germyl 
group can be considered as the intermediate in the hydrogermylation reaction.  
Therefore, the hydrogermylation reactions of unsaturated organic compounds by the 
bisgermyl complex, CpFe(CO)(H)(GeEt3)2 1-Ge2, described in chapter 1 was 
examined, and it was found that the synthetic precursor, CpFe(CO)2Me 1-1, as well as 
1-Ge2 showed high catalytic activity for the hydrogermylation of various alkynes 
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(vi). 
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2-2 Stoichiometric Reactions of 1-Ge2 with Unsaturated Compounds 
To investigate the reactivity of the bisgermyl iron complex, 1-Ge2, with 
unsaturated compounds, the reaction of 1-Ge2 with methylphenyl ketone, styrene and 
phenyl acetylene were conducted.  Methylphenyl ketone and styrene did not react 
with 1-Ge2.  On the other hand, treatment of 1-Ge2 with one equiv of 
phenylacetylene at 80 ºC for 24 h gave the corresponding trans addition product 
((Z)-vinyl germane) in 80% NMR yield.  In this reaction, other stereo and/or regio 
isomers were not observed.   
 
Scheme 2-1. 
 
 
Scheme 2-2. 
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2-3 Optimization and Turning of Catalytic Hydrogermylation of Phenylacetylene by 
an Iron Complex 
  The hydrogermylation of phenylacetylene with Et3GeH catalyzed by several iron 
complexes was examined.  In the presence of 10 mol% of 1-Ge2, the 
phenylacetylene reacted with 1.2 equiv of Et3GeH in benzene at 80 ºC for 24 h.  
After heating, the reaction mixture was cooled to room temperature and passed 
through a short silica gel column with a hexane eluent to remove the iron catalyst.  
The volatile compounds were removed under reduced pressure to give the product as 
a colorless oil in 83% yield.  Surprisingly, the synthetic precursor 1-1 as well as 
1-Ge2 showed the high catalytic activity for this reaction.  However, the germyl 
complexes 1-Ge and 1-GePy have no or less catalytic activities.  The reason for this 
will be discussed in the mechanistic study section (chapter 2-6). 
 
Scheme 2-3 
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2-4. Solvent Effects 
  The optimization of the reaction solvent, time and temperature in the reaction of 
triethyl germane with phenyl acetylene in the presence of 1-1 was performed.  All 
attempted solvents were listed in Table 2-1 (Entries 1-7).  No significant solvent 
effect was observed with the change from polar to non-polar solvents, except for 
hexane, dichloromethane and acetonitrile.  The reaction in dichloromethane gave a 
complicated mixture and that in hexane afforded a trace amount of the product.  The 
yield of the product in acetonitrile might be decreased due to the coordination of the 
acetonitrile to the active species in situ.  It should be noted that catalytic reaction 
took place even without solvent.   
  The times which were required until the amount of the product did not increase any 
more were listed in Entries 8-11.  The yield increased with increasing the reaction 
temperature from 50 to 80 ºC, indicating that heating is required to undergo this 
catalytic reaction.  However, the decrease of the yield was observed at 100 ºC.  
This may be caused by the decomposition of the catalytically active species.  So, 
Entry 10 is the best reaction conditions. 
  Next, the effect of the amount of the catalyst (1-1) on the yield of the product was 
examined (Table 2-2).  Reducing the amount of 1-1 from 10 to 5 mol% did not cause 
a significant decrease of the yield, although a longer time was required for the 
completion of the hydrogermylation (Entries 1-3).  In contrast, 1 mol% of 1-1 gave 
only 7% yield even under 120 h heating conditions (entry 4).  The well-balanced 
time and yield of product was the reaction conditions in Entry 2, which was used for 
the following reactions. 
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Table 2-1. Optimization of Reaction Solvent, Time and Temperature
a 
 
 
a 
Reaction conditions: in a Schlenk tube, [1-1]/[phenylacetylene]/[Et3GeH] = 1:100:120. 
b
 
Isolated yield. 
Table 2-2. Optimization of the amount of 1-1
a 
 
 
 a 
Reaction conditions: in a Schlenk tube, [phenylacetylene]/[Et3GeH] = 100:120, 80 ºC, neat. 
b
 Isolated yield. 
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2-5 Scope of Substrates  
Because the hydrogermylation of the C≡C triple bond in phenylacetylene 
proceeded effectively by the combination of iron catalyst 1-1 with Et3GeH, further 
instances of this reaction by utilizing different combinations of the hydrogermanes 
with the alkynes were examined.  The results are summarized in Table 2-3, where 
the reaction conditions employed were the same as those shown in Table 2-2, Entry 2.  
The reactions with tertiary germanes bearing butyl or phenyl substitutions afforded 
the corresponding (Z)-vinylgermanes in good to high yields (Entries 1 and 2).  Next, 
the electronic and steric effects of acetylene in the reaction with Bu3GeH were 
examined.  The yield for the para-fluoro phenylacetylene is similar to that for the 
phenylacetylene (Entry 3).  But the introduction of an electron-donating Me group 
on the phenyl group in phenylacetylene resulted in a low conversion (Entry 4).  The 
substituents bearing lone pair electrons, such as OMe and NMe2, decreased the 
product yields presumably due to the coordination of these functional groups to the 
active species (Entries 5 and 6).  The acetylene derivative with a pyridinyl 
substituent was not converted into the corresponding vinylgermane at all presumably 
due to its high coordination ability (Entry 7)  Aliphatic hexyl and cyclohexyl 
acetylenes were converted into the corresponding products in good to excellent yields 
(Entries 8 and 9).  But ferrocenylacetylene gave a trace amount of the mixture of cis 
and trans vinylgermanes (Entry 10).  This system could be applied to not only 
terminal acetylenes but also internal acetylenes without losing the selectivity: 
methylphenylacetylene and diphenylacetylene afforded only the trans addition 
products in quantitative yields (Entries 11-14).  Similarly, 4-octyne and dimethyl 
acetylene dicarbonyllate also gave the products in good yields selectively (Entries 
15-18).  These results in this section are summarized as follows: this 
hydrogermylation reaction of acetylene by 1-1 gives the corresponding trans addition 
product effectively and selectively, except for the acetylene with the sterically 
crowded substituent or functional groups with coordinative active lone pair electrons.   
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The isolated products were characterized by the NMR measurements and elemental 
analyses.  The structure of the product in Entry 2 was confirmed by X-ray diffraction 
analysis (Figure 2-1).  The C=C double bond has a Z conformation and is slightly 
longer than a typical C=C bond in a vinyl group
10
 or an ethylene.
11
 But this is quite 
similar to that previously reported the vinyl germanium compound, 
cis-PhHC=CH{Ge(OCH2CH2)3N}.
12
 
Table 2-3. Scope of the Substrates
a
 
 
 
a 
Reaction conditions: in a Schlenk tube, [1-1]/[acetylenes]/[R3GeH] = 1:100:120, neat, 80 ºC. 
b
 Isolated yield.    
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Figure 2-1. ORTEP drawing of 2-(triphenlygermyl)phenylacetylene with 50% 
thermal ellipsoidal plots.  Hydrogen atoms except for the hydrogen atoms in the 
vinyl moieties were omitted for clarify. 
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2-6 Proposed Reaction Mechanism  
The proposed reaction mechanism is shown in Scheme 2-4.  The germyl 16 electron 
species and the acetaldehyde were formed from 1-1 and R3GeH in the same manner 
shown in the chapter 1-1.  The bisgermyl complex 1-Ge2 produces the same active 
species by the reductive elimination of the hydrogermane.  The reverse oxidative 
addition of hydrogermane may also take place in situ.  Therefore, the reaction is held 
in equilibrium.  Similarly, germyl pyridine complex 1-GePy might form the same 
active species by the elimination of the pyridine ligand.  However, the eliminated 
pyridine may coordinate to an unsaturated 16 electron intermediate such as 2-B and 
2-D, which causes a slow reaction.  After the formation of the active species, 
CpFe(CO)(GeR3), a C≡C triple bond of acetylene coordinates to the iron center in 
2-fasion (2-A) and inserts into the FeGe bond to give the vinyl intermediate (2-B).  
In this step, the alkyne inserts in the way where the less bulky sp
3
 carbon forms the 
bond to the GeR3 group, which is responsible for the anti-Markovnikov selectivity.  
The vinyl isomerization took place via the carbene intermediate (2-B → 2-C → 2-D).  
The isomerization step has an influence on the stereoselectivity of this reaction.  If 
the hydrogermane reacts with 2-B without the isomerization to 2-D, (E)-vinylgermane 
should be produced.  The -anion stabilization by the germyl group13 makes the 
activation energy to form the carbene intermediate lower and its thermal stability 
increased.  It is believed that this stabilization effect is sufficient to convert all 
isomers of the sterically hindered 2-B to the less sterically demanding one (2-D) 
suitable for the oxidative addition of hydrogermane.  The oxidative addition of 
hydrogermane to 2-D produces 2-E, and the successive reductive elimination of the 
hydride and the vinyl ligands affords the vinyl product with the reproduction of the 
active species to complete the catalytic cycle.  The similar catalytic reaction of the 
acetylene with the silicon compound has been reported previously.
14 
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Scheme 2-4. Plausible Reaction Mechanism. 
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2-7 Possibility of Radical Reaction Pathway 
With hydrosilylation of alkyne (and also alkene) with hydrosilane (R3SiH) catalyzed 
by a transition metal complex two reaction mechanisms have been proposed
15
: the 
Chalk-Harrod and the modified Chalk-Harrod mechanisms, both of them consist of 
oxidative addition of an SiH bond, alkyne insertion, and reductive elimination in a 
coordination sphere.  Hydrostannylation of alkyne with hydrostannane (R3SnH) is 
known to proceed through a radical pathway in the presence of a radical initiator
16
 
and the Chalk-Harrod mechanism by a transition metal complex.
17
  In contrast, a 
reaction mechanism of hydrogermylation remains to be exploited.  To consider the 
possibility of a radical pathway, a catalytic hydrogermylation of phenylacetylene with 
Et3GeH promoted by 1-1 catalyst was conducted in the presence of TEMPO or 
garvinoxyl which are known as a radical inhibitor.  No significant change was 
observed in the yield and the selectivity of the product whether the inhibitors were 
added or not, indicating the exclusion of a radical pathway. 
 
Scheme 2-5. 
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2-8 Conclusions 
  Hydrogermylation of the acetylene with hydrogermane to form the vinylgermane 
was examined.  The reactions of terminal alkynes selectively produced 
anti-Markovnikov and trans addition vinylgermanes.  This system could be applied 
not only for terminal alkynes but also for internal alkynes without the lacking of the 
selectivity.  This is the first example of hydrogermylation of alkynes which is 
catalyzed by an environmentally benign iron complex and perfectly controlled to give 
the trans adducted vinyl germane. 
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2-9 Experimental Section 
All manipulations were carried out using standard Schlenk techniques under a 
nitrogen atmosphere.  Methyl and germyl complexes, CpFe(CO)2(Me) and 
CpFe(CO)(GeEt3)(L) (L = CO, Py, (GeEt3)(H)), were prepared according to the 
methods written in the experimental section of chapter 1.  The other chemicals used 
were purchased.  Spectroscopic data of (Z)-vinylgermyl products obtained in this 
work were identical to those of the compounds in the literature.
9
  Benzene, hexane, 
CH2Cl2, dimethylformamide and THF were distilled from sodium and benzophenone 
or CaH2 prior to use and stored under a nitrogen gas.  NMR spectra (
1
H and 
13
C{
1
H}) were recorded on a JNM-AL-400 spectrometer.  
1
H and 
13
C{
1
H} NMR 
data were referred to the residual peaks of the solvent.  IR spectra were recorded on 
a Perkin Elmer FTIR-Spectrum one.  Photo-irradiation was performed with a 400 W 
medium-pressure mercury arc lamp at 5 ºC. 
 
General method for hydrogermylation of alkynes 
The mixture of phenylacetylene (57 L, 0.52 mmol), tributylgermane (153 L, 0.63 
mmol), and CpFe(CO)2(Me) (7 mg, 0.04 mmol, 7 mol%) were stirred at 80 ºC in a 
nitrogen atmosphere.  After 18 h, the reaction mixture was purified directly by flash 
chromatography (silica gel, hexane). Evaporation of volatile materials led to the 
formation of (Z)-tributyl(2-phentyethenyl)germane (171 mg, 95%) as a colorless oil.  
 
 
1
H NMR (400 MHz, C6D6):  = 0.84–0.89 (m, 15H, CH2CH2CH2CH3), 1.25–1.44 (m, 
12H, CH2CH2CH2CH3), 6.03 (d, JHH = 15 Hz, 1H, HC=CH), 7.05 (t, JHH = 7 Hz, 1H, 
Ph), 7.13 (t, JHH = 7 Hz, 2H, Ph), 7.32 (d, JHH = 7 Hz, 2H, Ph) 7.49 (d, JHH = 15 Hz, 
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1H, HC=CH). 
13
C{
1
H} NMR (100.4 MHz, C6D6):  =14.00 (s, Bu), 14.89 (s, Bu), 
26.90 (s, Bu), 27.95 (s, Bu), 127.64 (s, Ph), 128.16 (s, Ph), 128.30 (s, Ph), 131.98 (s, 
HC=CH), 140.87 (s, Ph), 146.09 (s, HC=CH). Elemental analysis C20H34Ge, 
Calculated: C, 69.20; H, 9.87%; Found: C, 69.10; H, 9.87%. 
 
 
1
H NMR (400 MHz, C6D6):  =6.35 (d, JHH = 15 Hz, 1H, HC=CH), 6.78–6.80 (m, 
3H, Ph) 7.08–7.12 (m, 9H, GePh), 7.26 (d, JHH = 7 Hz, 2H, Ph), 7.59 (d, JHH = 7 Hz, 
6H, GePh), 7.61 (d, JHH = 15 Hz, 1H, HC=CH).  
13
C{
1
H} NMR (100.4 MHz, C6D6): 
 = 126.66 (s, Ph), 128.55 (s, GePh), 128.83 (s, GePh), 129.13 (s, GePh), 135.22 (s, 
GePh), 135.55 (s, Ph), 135.80 (s, Ph), 137.69 (s, HC=CH), 138.41 (s, Ph), 148.63 (s, 
HC=CH).  Elemental analysis C26H22Ge, Calculated: C, 76.71; H, 5.45%; Found: C, 
76.36; H, 5.42%. 
 
 
1
H NMR (400 MHz, C6D6):  = 0.80–0.88 (m, 15H, CH2CH2CH2CH3), 1.24–1.40 (m, 
12H, CH2CH2CH2CH3), 5.96 (d, JHH = 14 Hz, 1H, HC=CH), 6.75-6.80 (m, 2H, Ph-o), 
7.07–7.11 (m, 2H, Ph-m) 7.33 (d, JHH = 14 Hz, 1H, HC=CH). 
13
C{
1
H} NMR (100.4 
MHz, C6D6):  = 14.05 (s, Bu), 14.88 (s, Bu), 26.94 (s, Bu), 27.96 (s, Bu), 115.00 (d, 
JCF = 22 Hz, Ph-m), 129.66 (d, JCF = 9 Hz, Ph-o), 131.97 (s, HC=CH), 136.81 (d, JCF 
= 2 Hz, Ph-ipso), 144.66 (s, HC=CH), 162.61 (d, JCF = 246 Hz, Ph-p). Elemental 
analysis C20H33FGe, Calculated: C, 65.79; H, 9.11%; Found: C, 65.74; H, 9.06%. 
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1
H NMR (400 MHz, C6D6):  = 0.86–0.93 (m, 15H, CH2CH2CH2CH3), 1.28–1.45 (m, 
12H, CH2CH2CH2CH3), 2.09 (s, 3H, CH3), 5.99 (d, JHH = 14 Hz, 1H, HC=CH), 6.97 
(d, JHH = 8 Hz, 2H, Ph), 7.26 (d, JHH = 8 Hz, 2H, Ph) 7.50 (d, JHH = 14 Hz, 1H, 
HC=CH).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  =14.09 (s, Bu), 15.04 (s, Bu), 
27.00 (s, Bu), 28.06 (s, Bu), 21.25 (s, CH3), 128.12 (s, Ph), 128.98 (s, Ph), 130.87 (s, 
HC=CH), 137.16 (s, Ph), 138.01 (s, Ph), 146.00 (s, HC=CH). Elemental analysis 
C21H36Ge, Calculated: C, 69.84; H, 10.05%; Found: C, 70.11; H, 10.11%. 
 
1
H NMR (400 MHz, C6D6):  = 0.88-0.96 (m, 15H, CH2CH2CH2CH3), 1.31–1.47 
(m, 12H, CH2CH2CH2CH3), 3.29 (s, 3H, OCH3), 5.97 (d, JHH = 14 Hz, 1H, HC=CH), 
6.79 (d, JHH = 9 Hz, 2H, Ph), 7.30 (d, JHH = 9 Hz, 2H, Ph) 7.50 (d, JHH = 14 Hz, 1H, 
HC=CH).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  =14.10 (s, Bu), 15.05 (s, Bu), 
27.00 (s, Bu), 28.07 (s, Bu), 54.84 (OCH3), 113.80 (s, Ph), 129.37 (s, Ph), 129.80 (s, 
HC=CH), 133.33 (s, Ph), 145.59 (s, HC=CH), 159.69 (s, Ph). Elemental analysis 
C21H36OGe, Calculated: C, 66.88; H, 9.62%; Found: C, 66.97; H, 9.42%. 
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1
H NMR (400 MHz, C6D6):  = 0.87–0.99 (m, 15H, CH2CH2CH2CH3), 1.29–1.50 (m, 
12H, CH2CH2CH2CH3), 2.79 (s, 2H, NH2), 5.88 (d, JHH = 14 Hz, 1H, HC=CH), 6.28 
(d, JHH = 9 Hz, 2H, Ph), 7.21 (d, JHH = 9 Hz, 2H, Ph) 7.49 (d, JHH = 14 Hz, 1H, 
HC=CH).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  =14.14 (s, Bu), 15.12 (s, Bu), 
27.03 (s, Bu), 28.12 (s, Bu), 114.42 (s, Ph), 127.39 (s, HC=CH), 129.26 (s, Ph), 
130.70 (s, Ph), 146.12 (s, HC=CH), 146.63 (s, Ph). Elemental analysis C21H35NGe, 
Calculated: C, 66.33; H, 9.74; N, 3.87%; Found: C, 66.05; H, 9.88; N, 3.83%. 
 
1
H NMR (400 MHz, C6D6):  = 0.87-1.27 (m, 18H, GeCH2CH2CH2CH3, CH3 in 
Hex), 1.31–1.54 (m, 20H, GeCH2CH2CH2CH3, CH2 in Hex), 2.16 (q, JHH = 7 Hz, 2H, 
CH2 in Hex), 5.77 (d, JHH = 13 Hz, 1H, HC=CH), 6.46 (dt, JHH = 13, 7 Hz, 1H, 
HC=CH).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  =14.16 (s, Bu), 14.42 (s, Hex), 
14.84 (s, Bu), 23.14 (s, Hex), 27.11 (s, Bu), 28.17 (s, Bu), 29.67 (s, Hex), 30.38 (s, 
Hex), 32.35 (s, Hex), 34.92 (s, Hex), 127.47 (s, HC=CH), 147.75 (s, HC=CH). 
Elemental analysis C20H42Ge, Calculated: C, 67.63; H, 11.92%; Found: C, 67.25; H, 
11.77%. 
 
1
H NMR (400 MHz, C6D6):  = 0.94–1.00 (m, 15H, GeCH2CH2CH2CH3), 1.08–1.34 
(m, 4H, CH2 in 
c
Hex), 1.35–1.60 (m, 14H, GeCH2CH2CH2CH3, CH2 in 
c
Hex), 
1.67-1.73 (m, 4H, CH2 in 
c
Hex), 2.08–2.18 (m, 1H, CH in cHex), 5.65 (d, JHH = 13 Hz, 
1H, HC=CH), 6.29 (dd, JHH = 8, 13 Hz, 1H, HC=CH).  
13
C{
1
H} NMR (100.4 MHz, 
C6D6): 14.18 (s, Bu), 14.97 (s, Bu), 26.38 (s, 
c
Hex), 26.47 (s, 
c
Hex), 27.17 (s, Bu), 
28.19 (s, Bu), 33.77 (s, 
c
Hex), 44.33 (s, 
c
Hex), 125.34 (s, HC=CH), 153.20 (s, 
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HC=CH).  Elemental analysis C20H40Ge, Calculated: C, 68.02; H, 11.42%; Found: C, 
68.30; H, 11.56%. 
 
1
H NMR (400 MHz, C6D6):  = 0.78–0.90 (m, 15H, CH2CH2CH2CH3), 1.18–1.36 (m, 
12H, CH2CH2CH2CH3), 7.09 (t, JHH = 7 Hz, 2H, Ph), 7.15 (d, JHH = 7 Hz, 2H, Ph), 
7.17 (t, JHH = 7 Hz, 1H, Ph), 7.21 (t, JHH = 7 Hz, 1H, Ph), 7.26 (t, JHH = 7 Hz, 2H, Ph), 
7.33 (d, JHH = 7 Hz, 2H, Ph), 7.40 (s, 1H, HC=C).  
13
C{
1
H} NMR (100.4 MHz, 
C6D6): = 13.85 (s, Bu), 14.85 (s, Bu), 26.62 (s, Bu), 27.52 (s, Bu), 125.70 (s, Ph), 
127.10 (s, Ph), 127.20 (s, Ph), 127.91 (s, Ph), 127.94 (s, Ph), 128.39 (s, Ph), 140.02 (s, 
HC=C), 143.06 (s, HC=C), 147.36 (s, Ph), 147.59 (s, Ph). Elemental analysis 
C26H38Ge, Calculated: C, 73.79; H, 9.05%; Found: C, 73.41; H, 9.12%. 
 
1
H NMR (400 MHz, C6D6):  = 0.87–0.92 (m, 12H, GeCH2CH3, CH3 in Pr), 1.09 (t, 7 
Hz, 9H, GeCH2CH3), 1.33–1.43 (m, 4H, CH2 in Pr), 2.03–2.13 (m, 4H, CH2 in Pr), 
5.99 (t, 1H, JHH = 7 Hz, HC=C).  
13
C{
1
H} NMR (100.4 MHz, C6D6): 5.91 (s, Et), 
9.52 (s, Et), 14.15 (s, Pr), 14.21 (s, Pr), 23.87 (s, Pr), 24.20 (s, Pr), 34.88 (s, Pr), 41.64 
(s, Pr), 139.05 (s, HC=C), 140.91 (s, HC=C).  Elemental analysis C14H30Ge, 
Calculated: C, 62.04; H, 11.16 %; Found: C, 61.98; H, 11.26%. 
 
1
H NMR (400 MHz, C6D6):  = 0.92–1.01 (m, 21H, GeCH2CH2CH2CH3, CH3 in Pr), 
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1.36–1.52 (m, 16H, GeCH2CH2CH2CH3, CH2 in Pr), 2.09–2.19 (m, 4H, CH2 in Pr), 
6.01 (t, 1H, JHH = 7 Hz, HC=C). 
13
C{
1
H} NMR (100.4 MHz, C6D6): = 14.15 (s, Bu), 
14.18 (s, Pr), 14.23 (s, Pr), 14.45 (s, Bu), 23.90 (s, Pr), 24.23 (s, Pr), 27.19 (s, Bu), 
28.17 (s, Bu), 34.92 (s, Pr), 41.61 (s, Pr), 139.65 (s, HC=C), 140.68 (s, HC=C). 
Elemental analysis C20H42Ge, Calculated: C, 67.63; H, 11.92%; Found: C, 67.30; H, 
11.86%. 
 
1
H NMR (400 MHz, C6D6): = 1.09-1.21 (m, 15H, CH2CH3), 3.24 (s, 3H, OCH3), 
3.33 (s, 3H, OCH3), 6.85 (s, 1H, HC=C).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 
5.93 (s, Et), 9.26 (s, Et), 51.32 (OCH3), 51.44 (s, OCH3), 134.55 (s, HC=C), 156.58 (s, 
HC=C), 166.54 (s, COOCH3), 171.23 (s, COOCH3).  Elemental analysis 
C12H22O4Ge, Calculated: C, 47.58; H, 7.32%; Found: C, 47.56; H, 7.36%. 
 
1
H NMR (400 MHz, C6D6):  = 0.92 (t, 7 Hz, 9H, CH2CH2CH2CH3), 1.22–1.26 (m, 
6H, CH2CH2CH2CH3), 1.34–1.43 (sext, 7 Hz, 6H, CH2CH2CH2CH3), 1.48–1.56 (m, 
6H, CH2CH2CH2CH3), 3.27 (s, 3H, OCH3), 3.36 (s, 3H, OCH3), 6.87 (s, 1H, HC=C).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 14.10 (s, Bu), 14.46 (s, Bu), 26.94 (s, Bu), 
27.96 (s, Bu), 51.46 (OCH3), 51.57 (s, OCH3), 127.47 (s, HC=C), 157.24 (s, HC=C), 
166.53 (COOCH3), 171.21 (s, COOCH3).  Elemental analysis C18H34O4Ge, 
Calculated: C, 55.85; H, 8.85%; Found: C, 56.05; H, 8.91%. 
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Chapter 3. Dehydrogenativeoxygenation 
of Hydrogermane by Iron Complex 
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3-1 Introduction 
Polysiloxanes with a –(SiO)n backborn are quite stable to water and air.  In 
addition, the compounds with this backborn have insulation and heatproof properties.  
Such functional properties are widely used in silicone oils, rubbers, resins and 
medicinal drugs.
1
  An SiOSi bond is commonly formed by hydrolysis of 
chlorosilane, however, the reaction usually gives polymers with high dispersity when 
secondary and primary silanes are used.
2,3
  Although a catalytic synthesis of 
polysiloxane using a transition metal complex has a potential to control molecular 
weight, tacticity and chemoselectivity, such selective reactions helped by a transition 
metal have not been achieved to date.  In addition, catalytic syntheses of analogous 
polymers of germanium and tin have not been reported.  With a selective GeOE 
bond (E = Si, Ge, Sn) formation reaction, several stoichiometric reactions
4,5,6
 and only 
three catalytic reactions have been known for the formation of GeOSi bond.7,8,9  
But no example of the GeOGe and GeOSn bond formation reaction has not been 
reported.  In our group, the catalytic syntheses of disiloxanes and polysiloxanes from 
hydrosilane and dimethylformamide (DMF) by a methyl iron complex, 
CpFe(CO)2(Me) (1-1) have already been reported.
10 
 
  
 83 
 
In this reaction, the oxygen in the siloxane produced is derived from DMF, which is 
finally reduced to NMe3.  Recently, the similar reductions of amide to amines by 
hydrosilanes catalyzed by homoleptic iron carbonyl complexes have been reported.
11
  
This chapter describes the catalytic reactions of selective cyclization and 
polymerization of hydrogermanes and syntheses of silagermoxanes catalyzed by 1-1. 
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3-2 Dehydrogenativeoxygenation of Tertiary Germane 
In our group, the dehydrogenativeoxygenation of hydrosilane in dimethylformamide 
(DMF) to give disiloxane was reported.
10
  Therefore, this methodology was applied 
to the preparation of the germanium analogues.  But the reaction of 1-1 with excess 
amount of tertiary germanes R3GeH (R = Et, Bu, Ph) in DMF gave no germoxanes.  
This is consistent with the results in the photoreaction of the bisgermyl complex 
1-Ge2 in DMF which did not give the digermoxane in chapter 1-9, although the 
thermal reaction of the bissilyl complex 1-Si2 in DMF gave the corresponding 
disiloxane.
10 
 
Scheme 3-1. 
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3-3 Dehydrogenativeoxygenation of Secondary and Primary Hydrogermanes 
Treatment of Et2GeH2 with the catalytic amount of 1-1 in DMF was found to produce 
1,1,3,3,5,5-hexaethylcyclotrigermoxane in an excellent yield (Table 1, Entry 1).  
This reaction selectively converted diethylgermane into the cyclotrigermoxane.  The 
product was identified by the NMR and the high-resolution mass spectra.  This 
cyclization reaction was effective for other secondary germanes R2GeH2 (R = 
n
Bu, 
CH2Ph, 
c
Hex) (Entries 2-4).  But the reaction of diphenylgermane did not occur 
(Entry 5).  The primary germanes, RGeH3 (R = 
n
Bu, 
t
Bu, 
c
Hex, Ph) gave not cyclic 
germoxanes but polygermoxanes in the reaction of 1-1 in DMF (Entries 6-9): 
treatments of n-butylgermane, tert-buthylgermane and cyclohexylgermane with 10 
mol% of 1-1 at 100 ˚C for 24 h resulted in the formation the corresponding 
polygermoxanes in good to high yields (Entries 6-8).  The molecular weight 
distribution and tacticity of the polymers remain unsolved.  In the case of 
phenylgermane, the polymerization did not occur (Entry 9). 
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Table 3-1. Catalytic dehydrogenativeoxygenation of secondary and primary 
hydrogermanes
a 
 
 
a 
Reaction conditions:100 ºC, for 48 h, in a sealed glass tube, [DMF]/[germane] = 5:1. 
b
 On 
the basis of the [germane]:[1-1] ratio.  
c
 Isolated yield of the cyclic gemoxane.   
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3-4 Optimizations of Oxygen Source and Amount of Catalyst 
It was shown in the previous section that cyclotrigermoxanes were formed from 
dialkylgermane (and mono alkylgermane) and DMF in the presence of 1-1 catalyst.  
In this reaction, the oxygen in the product stems from DMF, which gets two hydrogen 
atoms from hydrogermane to be converted into NMe3.  This section describes 
whether amides other than DMF play the same role. 
In the presence of 5 mol% of 1-1, diethylgermane was heated in several amides 
(N,N-dimethylacetamide, N,N-dibuthylformamide and N,N-diphenylformamide) 
(Table 3-2, Entry 1-3).  In all cases, the dehydrogenative oxygenation took place but 
the yields were less than that of the reaction in DMF.  As expected, no coupling 
products were obtained without amide (Entry 4).  The effect of the amount of the 
catalyst on the catalytic activity was examined (Entries 5-8).  The TON increased 
with reducing the amount of 1-1 from 5 to 0.1 mol%.  The TON of 380 is the highest 
one in terms of dehydrogenativeoxygenation of hydrosilanes or hydrogermanes with 
amide promoted by a transition metal catalyst.
10,11 
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Table 3-2. Optimizations of oxygen source and amount of catalyst
a 
 
 
a
 Reaction conditions:100 ºC, for 48 h, in a sealed glass tube, [DMF]/[germane] = 5/1. 
b
 On the basis of the [germane]:[1-1] ratio. 
c
 Isolated yield of cyclic gemoxane.   
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3-5 Scope of Substrates 
Selective coupling of hydrosilane and hydrogermane to produce silagermoxane is one 
of the important subjects.  Treatment of the diphenylgermane, which did not give the 
cyclotrigermoxane, with two equivalents of Et3SiH in the presence of 10 mol% of 1-1 
in DMF at 100 ˚C for 24 h was examined and it was found that the corresponding 
silagermoxane was formed in 88% yield without any by-products.  This is the first 
example of the selective formation of a compound with an Si−O−Ge−O−Si backbone.  
Some other iron complexes were also examined as catalyst precursors.  In the cases 
of Cp*Fe(CO)2Me 3-1 (Cp* stands for 
5
-C5Me5) and Fe(CO)5 3-2, the disiloxane 
(Et3Si−O−SiEt3) was the main product.  The complex 3-3, {CpFe(CO)2)}2, gave the 
cross-coupling product in 38% yield with the formation of the disiloxane.  Thus, the 
complex 1-1 among these iron complexes showed the best catalytic activity toward 
the cross coupling reaction. 
 
Scheme 3-2. 
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This reaction could be applied to the reaction with tert-butyldimethylsilane (Table 
3-3, Entry 1).  The reactions of other tertiary silanes (R3SiH, R3 = Ph3, Me2Ph, 
MePh2, (
n
Hex)3, (
c
Hex)3, (EtO)3 and Me2(CH=CH2)), which are known to be readily 
converted into disiloxane,
10
 produced a trace amount of silagermoxane and the 
disiloxane as the main product (Entries 2-8).  This cross-coupling reaction could be 
applied to the coupling of tertiary germane (R3GeH) or stannane (R3SnH) with 
Ph2GeH2 (entries 9-11).  The use of secondary germanes other than Ph2GeH2 caused 
the formation of the corresponding disilagermoxanes, but the cyclic germoxanes were 
also obtained (entries 12 and 13).  Consequently, the cross-coupling reactions took 
place effectively and selectively using 1-1 as a catalyst.  The selectivity of the 
products depended on the reactivity of hydrosilanes for the homo-coupling reaction 
by 1-1. 
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Table 3-3. Synthesis of disilagermoxanes
a
 
 
 
a 
Reaction conditions: 100 °C, 24 h, sealed glass tube, [R2GeH2]/[R3SiH]/[amide]/ 
[1-1] = 10/20/50/1. 
b
Isolated yield. 
c
48 h. 
d
 TR = trace amount of the silagermoxane 
and a nearly quantitative yield of disiloxane were isolated. 
e
The cyclogermoxane was 
also formed. 
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3-6 Isolation and Reactivity of Carbene Intermediate 
In the previous section, CpFe(CO)2Me (1-1) has been shown to be a good catalyst 
precursor for the cross coupling reaction of Ph2GeH2, DMF, and R3EH (E = Si, Ge, 
Sn) to afford R3EOGePh2OER3 and NMe3 and for the cyclization reaction of 
R2GeH2 (R = Et, 
n
Bu, 
c
Hex, CH2Ph) with DMF to give the cyclotrigermoxane and 
NMe3.  These reactions involve two interesting aspects: selective EOE and 
EOE’ bond formation and amide reduction by group 14 compounds with an EH 
bond.  Although these reactions have been demonstrated in several literatures,
10-12
 
the role of a transition metal complex in the catalytic cycle remains unsolved. 
The germyl pyridine complex, Cp*Fe(CO)(Py)(GeR3) (R = Et (3-4), Ph (3-5)), 
seems to be good starting complexes to isolate and identify one of the intermediates 
formed in the catalytic cycle because Cp*Fe(CO)(Py)(GeR3) readily dissociates Py to 
generate the germyl 16 electron species, Cp*Fe(CO)(GeEt3).  All trials in the 
reactions of 3-4 and 3-5 with DMF resulted in no isolation of desired iron complexes.  
In contrast, the stoichiometric reactions of 3-4 and 3-5 with N, 
N-dimethylthioformamide corresponding to the thio derivative of DMF provided 
important information about the catalytic reaction mechanism (Scheme 3-3).  The 
reactions allowed to isolate the carbene complexes, Cp*Fe(CO)(CHNMe2)(SGeR3) 
(R = Et (3-6), Ph (3-7)).  As single crystals of 3-7 could be obtained, the X-ray 
diffraction analysis was conducted.  The molecular structure of 3-7 is depicted in 
Figure 3-1. The complex has a three legged piano-stool geometry in which the iron 
center bears one Cp*, one carbonyl, one thiogermoxy group and one 
amino-substituted carbene complexes.  The bond distance of Fe1C3 (1.883 Å) is 
shorter than that of a typical FeC bond in Fischer-type carbene ligand.13  The bond 
length between the nitrogen atom N1 and the carbene carbon atom C3 (1.300 Å) is 
also shorter than that of a typical NC single bond (1.47 Å).  The sum of angles 
around N1 is 360.0°.  These results indicate that the lone pair in nitrogen is 
delocalized in the carbene carbon plane. 
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If the carbene complex bearing a SGeR3 ligand is an intermediate, the reaction of 
the isolated complexes 3-6 and 3-7 with Ph2GeH2 would form NMe3 and 
Ph2HGeSGeR3.  The thermal reactions of 3-6 and 3-7 with Ph2GeH2 in C6D6 were 
performed and the generation of NMe3 was confirmed by 
1
H NMR (a singlet at 2.05 
ppm) analysis for both reactions and the formations of Ph2HGeSGeEt3 and 
Ph2HGeSGePh3 were confirmed by the GCMS mesurements for the reaction 
mixtures of 3-6 and 3-7, respectively (Scheme 3-4).  These results indicate that the 
carbene complexes 3-6 and 3-7 are the intermediates in the reduction of 
dimethylthioformamide by the hydrogermane to give the amine and thiogermoxane, 
and that it seems that an analogous carbene complex is formed in the catalytic 
reaction in an N,N-dimethylformamide solution. 
 
Scheme 3-3. 
 
Scheme 3-4. 
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Figure 3-1. ORTEP drawing of 3-7 with 50% thermal ellipsoidal plots.  Hydrogen 
atoms were omitted for clarify. 
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3-7 Reaction Mechanism 
A part of the catalytic cycle proposed in the reaction of Ph2GeH2 with R3EH in DMF 
catalyzed by CpFe(CO)2Me (1-1) to give R3EOGePh2OER3 is shown in Scheme 
3-5.  The precatalyst 1-1 reacts with Ph2GeH2 to generate a real catalyst in a manner 
similar to those shown in chapter 1-1 and chapter 2-6: CO insertion into the FeMe 
bond takes place, followed by oxidative addition of a GeH bond of Ph2GeH2, and 
reductive elimination of MeC(O)H to generate a 16e species CpFe(CO)(GePh2H) 
(3-A).  Next, the C=O in the amide coordinates to the active species in η2-fashion to 
give 3-B.  Then the germyl migration to the oxygen atom takes place to generate 3-C.  
The similar silyl migration to nitrile nitrogen in a transition metal coordination sphere 
has been proposed for the reaction of CpFe(CO)2Me with R3SiH and RCN
14
 and for 
the reactions of CpFe(CO)2Me and CpMo(CO)3Me with R3SiH and R2NCN.
15
  The 
dissociation of the oxygen from the iron in 3-C and the subsequent CO oxidative 
addition of the ligand to the Fe forms a Fischer-type carbene complex 3-D.  The 
analogous iron complex with the thiogermoxy and carbene ligands has been isolated 
and characterized as discribed in chapter 3-6.  If the EH bond addition of R3EH to 
the Fe=C double bond occurs, the complex 3-E will be formed.  The similar addition 
of silane to a carbene complex has been proposed.
16  
Reductive elimination of 
R3EOGePh2H from 3-E gives 3-F.  Pannel and coworkers proposed a similar 
complex 3-F as an intermediate in the formation of disiloxane by 1-1.
11a
  The 
oxidative addition of one GeH bond in Ph2GeH2 molecule toward 3-F results in the 
formation of 3-G.  The subsequent reductive elimination of H and CH2NMe2 ligands 
affords NMe3 with regeneration of 3-A.  The formation of R3EOGePh2H in this 
cycle can be involved in the catalytic cycle in place of Ph2GeH2 to finally give 
R3ROGePh2OER3.  The cyclization reaction of R2GeH2 (R = Et, 
n
Bu, CH2Ph, 
c
Hex) and the polymerization of RGeH3 (R = 
n
Bu, 
t
Bu, 
c
Hex) in DMF also could 
occur through the same EOE bond formation routes. 
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Scheme 3-5. 
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3-8 Conclusions 
In summary, it was fonud that the CpFe(CO)2Me (1-1) is a good catalyst precursor for 
dehydrogenativeoxygenation of R2GeH2 and RGeH3 in DMF to form six-membered 
cyclictrigermoxanes and polymers.  The iron complex also works as a catalyst 
precursor for the selective preparation of the EOGeOE backbone (E = Si, Ge, 
Sn) in the reaction of Ph2GeH2 with R3EH in DMF.  This is the first example of the 
selective preparation of compounds in which five group 14 elements and oxygen are 
used and in which the elements are arrayed linearly and alternatively.  The catalytic 
cycle including an iron carbene complex was proposed on the basis of the isolation 
and characterization of the iron carbene complex bearing the thiogermoxyl ligand 
prepared in the reaction of an iron germyl complex with thioformamide.  The 
findings presented here will open a new field of material chemistry of EOE’ 
compounds (E, E’ = Si, Ge, Sn) that has not yet been thoroughly explored and will 
have a strong impact on well-investigated silicon chemistry. 
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3-9 Experimental Section 
All manipulations were carried out using standard Schlenk techniques under a 
nitrogen atmosphere.  A methyliron complex CpFe(CO)2(Me) 1-1 and Et3SnH were 
prepared according to the methods written in the experimental section of chapter 1.  
Benzene, hexane, ether and THF were distilled from sodium and benzophenone prior 
to use and stored under nitrogen.  The other chemicals except (
c
Hex)2GeH2 and 
(PhCH2)2GeH2 were purchased.  NMR spectra (
1
H, 
13
C{
1
H} and 
29
Si{
1
H}) were 
recorded on a JEOL JNM-AL 400 spectrometer.  The 
1
H and 
13
C{
1
H} NMR data 
were referred to the residual peaks of the solvent as an internal standard.  Peak 
positions of the 
29
Si{
1
H} NMR spectra were referenced to an external Me4Si.  IR 
spectra were recorded on a Perkin Elmer FTIR-Spectrum one.  Elemental analysis 
data were obtained on a PerkinElmer 2400 CHN elemental analyzer.  
High-resolution mass spectra (HRMS) were recorded on a JMS-700T spectrometer.  
Characterizations of cyclotrigermoxanes were carried out by SYNAPT G2 High 
Definition Mass Spectrometry (SYNAPT
TM
 HDMS
TM
), and the analysis of MS 
revealed that no other oligomers or polymers were formed in the cyclization of the 
secondary germanes. 
 
Preparation of (
c
Hex)2GeH2 
A solution of bromocyclohexane (5.0 mL, 41 mmol) in ether (10 mL) was added 
dropwise to a suspension of magnesium (1.0 g, 41 mmol) in ether (50 mL) at 0 °C 
under nitrogen atmosphere.  After filtration to remove insoluble materials, the 
solution having the Grignard reagent was added to a solution of GeCl4 (21 mmol, 4.4 
g) in THF (50 mL) at -78 °C.  The solution was allowed to warm to room 
temperature gradually and then stirred for more 4 h at room temperature.  It should 
be noted here that ether (not THF) is used when the Grignard reagent is prepared and 
THF (not ether) is used when GeCl4 is treated with the Grignard reagent.  The 
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temperature control was also important: -78 °C should be kept in the reaction of 
GeCl4 with the Grignard reagent and the reaction mixture should be slowly (not 
rapidly) warmed to room temperature.  The molar ratio of Grignard reagent to GeCl4 
was 2:1.  Although this reaction gave several germanes such as (
c
Hex)GeCl3, 
(
c
Hex)2GeCl2 (the desired compound), (
c
Hex)3GeCl, (
c
Hex)4Ge were formed, the 
mixture without purification was added into a suspension of LiAlH4 (1.5 g, 41 mmol) 
in ether (50 mL) and quenched by H2O at 0 °C.  The organic layer was dried over 
MgSO4.  After filtration, the filtrate was dried under vacuum.  The residue thus 
obtained was immediately passed through an alumina column (Merck 101097, 
aluminum oxide 90 standardized) with a hexane/ethyl acetate eluent.  The ratio of 
the solvents was changed gradually from 99:1 to 80:20.  The 
1
H NMR measurements 
of each crop revealed that the third crop had the desired compound, which was 
collected and dried in vacuo to give (
c
Hex)2GeH2 as a colorless oil (609 mg, 25%).  
1
H NMR (400 MHz, C6D6):  = 1.12-1.24 (m, 12H, 
c
Hex), 1.51-1.65 (m, 10H. 
c
Hex), 
3.95 (t, JHH = 3.2 Hz, 2H, GeH2). 
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 23.12 (s, 
c
Hex), 26.76 (s, 
c
Hex), 28.03 (s, 
c
Hex), 32,06 (s, 
c
Hex).  Elemental analysis; Calcd: 
C12H24Ge: C, 59.81; H, 10.04%; Found: C, 59.98; H, 10.22%. 
 
Preparation of (PhCH2)2GeH2 
A solution of BrCH2Ph (4.9 mL, 41 mmol) in ether (10 mL) was added dropwise to a 
suspension of magnesium (1.0 g, 41 mmol) in ether (50 mL) at 0 °C under a nitrogen 
atmosphere.  After filtration to remove insoluble materials, the filtrate having the 
Grignard reagent was added to a solution of GeCl4 (4.4 g, 21 mmol) in THF (50 mL) 
at -78 °C.  The solution was allowed to warm to room temperature gradually and 
then stirred for more 4 h at room temperature.  It should be noted here that ether (not 
THF) is used when the Grignard reagent is prepared and THF (not ether) is used when 
GeCl4 is treated with the Grignard reagent.  The temperature control was also 
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important: -78 °C should be kept in the reaction of GeCl4 with the Grignard reagent 
and the reaction mixture should be slowly (not rapidly) warmed to room temperature.  
The mixture without purification was added into a suspension of LiAlH4 (41 mmol, 
1.5 g) in ether (50 mL) and then quenched by H2O at 0 °C.  The organic layer was 
dried over MgSO4.  After filtration, the filtrate was dried under vacuum.  The 
residue thus obtained was immediately passed through an alumina column (Merck 
101097, aluminum oxide 90 standardized) with a hexane/ethyl acetate eluent.  The 
ratio of the solvents was changed gradually from 99:1 to 80:20.  The 
1
H NMR 
measurements of each crop revealed that the third crop had the desired compound, 
which was collected and dried in vacuo to give (PhCH2)2GeH2 as a colorless oil (464 
mg, 18%).  
1
H NMR (400 MHz, C6D6):  = 2.11 (t, JHH = 2.4 Hz, 4H, CH2), 4.10 
(quin, JHH = 2.4 Hz, 2H, GeH2), 6.91 (d, JHH = 7.8 Hz, 4H, Ph), 6.97 (t, JHH = 7.8 Hz, 
2H, Ph), 7.10 (t, JHH = 7.8 Hz, 4H, Ph). 
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 19.41 
(s, CH2), 124.96 (s, Ph), 128.55 (s, Ph), 128.81 (s, Ph), 140.90 (s, Ph).  Elemental 
analysis; Calcd: C14H16Ge: C, 65.45; H, 6.28%; Found: C, 65.55; H, 5.99%. 
 
Preparation of (Et2GeO)3 
The mixture of Et2GeH2 (240 L, 1.9 mmol) with dimethylformamide (1.5 mL, 19 
mmol, DMF) in the presence of 1-1 (3.6 mg, 0.019 mmol) was heated at 100 °C for 
24 hours in a well-sealed glass tube.  After removal of the solvent, the title 
compound was purified from the residue by Kugelrohr (274 mg, 99%).  
1
H NMR 
(400 MHz, C6D6):  = 1.05 (q, JHH = 7.3 Hz, 12H, CH2), 1.18 (t, JHH = 7.3 Hz, 18H, 
CH3).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 7.71 (s, CH2), 12.71 (s, CH3).  
HRMS (FAB) Calcd. for C12H31O3Ge3 [M+H]
+
: 444.9909, Found: 444.9919. 
 
Preparation of (
n
Bu2GeO)3 
The mixture of 
n
Bu2GeH2 (340 L, 1.8 mmol) with DMF (1.4 mL, 18 mmol) in the 
 101 
 
presence of 1-1 (3.4 mg, 0.018 mmol) was heated at 100 °C for 24 hours in a 
well-sealed glass tube.  After removal of the solvent, the title compound was 
purified from the residue by Kugelrohr (357 mg, 99%).  
1
H NMR (400 MHz, C6D6): 
 = 0.94 (t, JHH = 6.8 Hz, 18H, CH3), 1.20 (t, JHH = 7.3 Hz, 12H, CH2CH2CH2CH3), 
1.45 (quin, JHH = 7.3 Hz, 12H, CH2CH2CH2CH3), 1.70 (tq, JHH = 7.3, 6.8 Hz, 12H, 
CH2CH2CH2CH3).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 14.12 (s, 
CH2CH2CH2CH3), 21.07 (s, CH2CH2CH2CH3), 26.26 (s, CH2CH2CH2CH3), 26.36 (s, 
CH2CH2CH2CH3).  HRMS (FAB) Calcd. for C24H55O3Ge3 [M+H]
+
: 613.1787, 
Found: 613.1783. 
 
Preparation of (
c
Hex2GeO)3 
The mixture of 
c
Hex2GeH2 (361 mg, 1.5 mmol) with DMF (1.2 mL, 15 mmol) in the 
presence of 1-1 (2.9 mg, 0.015 mmol) was heated at 100 °C for 24 hours in a 
well-sealed glass tube.  After removal of the solvent, the title compound was 
purified from the residue by Kugelrohr (383 mg, 99%).  
1
H NMR (400 MHz, C6D6): 
 = 0.91 (quin, JHH = 7.3 Hz, 12H, 
c
Hex), 1.25-1.45 (m, 48H, 
c
Hex), 1.77 (quin, JHH = 
7.3 Hz, 6H, 
c
Hex).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 14.05 (s), 20.96 (s), 
26.17 (s), 26.30 (s).  HRMS (FAB) Calcd. for C36H67O3Ge3 [M+H]
+
: 769.2726, 
Found 769.2722. 
 
Preparation of ((PhCH2)2GeO)3 
The mixture of (PhCH2)2GeH2 (401 L, 1.6 mmol) with DMF (1.2 mL, 16 mmol) in 
the presence of 1-1 (3.0 mg, 0.016 mmol) was heated at 100 °C for 24 hours in a 
well-sealed glass tube.  After removal of the solvent, the title compound was 
purified from the residue by Kugelrohr (114 mg, 27%).  
1
H NMR (400 MHz, C6D6): 
 = 2.25 (s, 12H, CH2), 6.98 (t, JHH = 7.3 Hz, 6H, Ph), 7.04 (d, JHH = 7.3 Hz, 12H, Ph), 
7.11 (t, JHH = 7.3 Hz, 12H, Ph).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 28.63 (s, 
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CH2), 125.38 (s, Ph), 128.68 (s, Ph), 129.24 (s, Ph), 137.12 (s, Ph). HRMS (FAB) 
Calcd. for C42H43O3Ge3 [M+H]
+
: 817.0848; Found: 817.0831. 
 
Preparation of Et3SiOGePh2OSiEt3 
A DMF solution (0.12 mL) containing 1-1 (6.0 mg, 0.031 mmol), Ph2GeH2 (59 L, 
0.31 mmol) and Et3SiH (100 L, 0.62 mmol) was heated at 100 °C for 24 hours in a 
well-sealed glass tube.  After the solvent was removed under reduced pressure, the 
residue was put on celite and eluted with ether.  The filtrate was dried in vacuo to 
give the title compound as a colorless oil (136 mg, 88%).  
1
H NMR (400 MHz, 
C6D6):  = 0.67 (q, JHH = 8.0 Hz, 12H, CH2), 1.05 (t, JHH = 8.0 Hz, 18H, CH3), 7.16 
(m, 6H, Ph), 7.60 (d, JHH = 8.0 Hz, 4H, Ph).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 
7.43 (s, CH2), 7.48 (s, CH3), 128.62 (s, Ph), 130.80 (s, Ph), 133.88 (s, Ph), 136.05 (s, 
Ph).  
29
Si {
1
H} NMR (79.3 MHz, C6D6):  = 14.56.  Elemental analysis; Calcd: 
C24H40O2Si2Ge: C, 58.90; H, 8.24%; Found: C, 59.03; H, 8.28%. 
 
Preparation of Et3GeOGePh2OGeEt3 
A DMF solution (0.28 mL) containing 1-1 (14 mg, 0.072 mmol), Ph2GeH2 (135 L, 
0.72 mmol) and Et3GeH (230 L, 1.4 mmol) was heated at 100 °C for 24 hours in a 
well-sealed glass tube.  After the solvent was removed under reduced pressure, the 
residue was put on celite and eluted with ether.  The filtrate was dried in vacuo to 
give the title compound as a colorless oil (175 mg, 42%).  
1
H NMR (400 MHz, 
C6D6):  = 0.92 (q, JHH = 8.0 Hz, 12H, CH2), 1.09 (t, JHH = 8.0 Hz, 18H, CH3), 7.16 
(m, 6H, Ph), 7.87 (m, 4H, Ph).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 8.33 (s, CH2), 
9.40 (s, CH3), 128.39 (s, Ph), 130.18 (s, Ph), 134.32 (s, Ph), 139.26 (s, Ph).  
Elemental analysis; Calcd: C24H40O2Ge3: C, 49.83; H, 6.97%; Found: C, 50.02; H, 
6.95%. 
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Preparation of 
n
Bu3GeOGePh2OGe
n
Bu3 
A DMF solution (0.30 mL) containing 1-1 (12 mg, 0.064 mmol), Ph2GeH2 (120 L, 
0.64 mmol) and 
n
Bu3GeH (331 L, 1.28 mmol) was heated at 100 °C for 24 hours in 
a well-sealed glass tube.  After the solvent was removed under reduced pressure, the 
residue was put on celite and eluted with ether.  The filtrate was dried in vacuo to 
give the title compound as a colorless oil (259 mg, 54%).  
1
H NMR (400 MHz, 
C6D6): = 0.94 (m, 18H, CH3), 1.01 (m, 12H, CH2CH2CH2CH3),  1.38 (m, 12H, 
CH2CH2CH2CH3), 1.53 (m, 12H, CH2CH2CH2CH3), 7.22 (m, 6H, Ph), 7.89 (m 4H, 
Ph).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 14.07, 18.18, 26.85, 26.89 (s, 
CH2CH2CH2CH3), 128.38 (s, Ph), 130.16 (s, Ph), 134.42 (s, Ph), 139.37 (s, Ph).  
Elemental analysis; Calcd: C36H64O2Ge3: C, 57.90; H, 8.64%; Found: C, 57.82; H, 
8.61%. 
 
Preparation of 
n
Bu3SnOGePh2OSn
n
Bu3 
A DMF solution (0.30 mL) containing 1-1 (15 mg, 0.075 mmol), Ph2GeH2 (141 L, 
0.750 mmol) and 
n
Bu3SnH (440 L, 1.50 mmol) was heated at 100 °C for 24 hours in 
a well-sealed glass tube.  After the solvent was removed under reduced pressure, the 
residue was put on celite and eluted with ether.  The filtrate was dried in vacuo to 
give the title compound as a colorless oil (220 mg, 35%).  
1
H NMR (400 MHz, 
C6D6): = 0.91 (m, 30H, CH2CH2CH2CH3), 1.35 (m, 12H, CH2CH2CH2CH3), 1.59 
(m, 12H, CH2CH2CH2CH3), 7.22 (d, JHH = 8.0 Hz, 6H, Ph), 7.90 (d, JHH = 8.0 Hz, 4H, 
Ph).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 14.00, 16.75, 27.71, 28.53 (s, 
CH2CH2CH2CH3), 128.62 (s, Ph), 129.77 (s, Ph), 134.34 (s, Ph), 136.03 (s, Ph).  
Elemental analysis; Calcd: C36H64O2GeSn2: C, 51.54; H, 7.69%; Found: C, 51.42; H, 
7.64%. 
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Preparation of Me2
t
BuSiOGePh2OSi
t
BuMe2 
A DMF solution (0.24 mL) containing 1-1 (12 mg, 0.063 mmol), Ph2GeH2 (117 L, 
0.625 mmol) and 
t
Bu(Me)2SiH (206 L, 1.25 mmol) was heated at 100 °C for 48 
hours in a well-sealed glass tube.  After the solvent was removed under reduced 
pressure, the residue was put on celite and eluted with ether.  The filtrate was dried 
in vacuo to give the title compound as a colorless oil (204 mg, 67%).  
1
H NMR (400 
MHz, C6D6):  = 0.12 (s, 12H, SiCH3), 1.04 (s, 18H, CCH3), 7.16 (m, 6H, Ph), 7.73 
(d, JHH = 8.0 Hz, 4H, Ph).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  = -1.77 (s, SiCH3), 
19.16 (s, CCH3), 26.43 (s, CCH3), 128.72 (s, Ph), 130.88 (s, Ph), 134.04 (s, Ph), 
135.87 (s, Ph).  
29
Si {
1
H} NMR (79.3 MHz, C6D6):  = 15.71.  Elemental analysis; 
Calcd: C24H40O2Si2Ge: C, 58.90; H, 8.24%; Found: C, 58.70; H, 8.17%. 
 
Preparation of Et3SiOGeEt2OSiEt3 
A DMF solution (0.34 mL) containing 1-1 (17 mg, 0.087 mmol), Et2GeH2 (111 L, 
0.870 mmol) and Et3SiH (278 L, 1.74 mmol) was heated at 100 °C for 24 hours in a 
well-sealed glass tube.  After removal of volatile materials under reduced pressure at 
room temperature, the title compound was separated from the residue containing 
cyclotrigermoxane by Kugelrohr (131 mg, 38%).  
1
H NMR (400 MHz, C6D6):  = 
0.67 (q, JHH = 8.0 Hz, 12H, SiCH2CH3), 0.89 (q, JHH = 8.0 Hz, 4H, GeCH2CH3), 1.06 
(t, JHH = 8.0 Hz, 6H, GeCH2CH3), 1.09 (t, JHH = 8.0 Hz, 18H, SiCH2CH3).  
13
C{
1
H} 
NMR (100.4 MHz, C6D6):  = 7.40 (s, SiCH2CH3), 7.43 (s, SiCH2CH3), 7.51 (s, 
GeCH2CH3), 12.06 (s, GeCH2CH3).  
29
Si {
1
H} NMR (79.3 MHz, C6D6):  = 10.66.  
Elemental analysis; Calcd: C16H40O2Si2Ge: C, 48.86; H, 10.25%; Found: C, 48.86; H, 
10.28%. 
 
Preparation of Et3SiOGe
n
Bu2OSiEt3 
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A DMF solution (0.30 mL) containing 1-1 (15 mg, 0.078 mmol), 
n
Bu2GeH2 (151 L, 
0.781 mmol) and Et3SiH (250 L, 1.56 mmol) was heated at 100 °C for 24 hours in a 
well-sealed glass tube.  After removal of volatile materials under reduced pressure at 
room temperature, the title compound was separated from the residue containing 
cyclotrigermoxane by Kugelrohr (98.2 mg, 28%).  
1
H NMR (400 MHz, C6D6):  = 
0.71 (q, JHH = 8.0 Hz, 12H, SiCH2CH3), 0.91 (q, JHH = 7.2 Hz, 6H, 
GeCH2CH2CH2CH3), 1.04 (t, JHH = 8.0 Hz, 4H, GeCH2CH2CH2CH3), 1.12 (t, JHH = 
8.0 Hz, 18H, SiCH2CH3), 1.34 (m, 4H, GeCH2CH2CH2CH3), 1.55 (m, 4H, 
GeCH2CH2CH2CH3).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 7.46 (s, SiCH2CH3), 
7.50 (s, SiCH2CH3), 13.90, 20.23, 25.95, 26.11 (s, GeCH2CH2CH2CH3).  
29
Si {
1
H} 
NMR (79.3 MHz, C6D6):  = 11.25.  Elemental analysis; Calcd: C20H48O2Si2Ge: C, 
53.45; H, 10.77%; Found: C, 53.80; H, 10.88%. 
 
Synthesis of Cp*Fe(CO)(CHNMe2)(SGeEt3) (3-6) 
Complex 3-4 (100 mg, 0.20 mmol) was treated with N, N-dimethylthioformamide (20 
L, 0.23 mmol) in toluene (5 ml) at 50 °C for 24 hours.  Removal of volatile 
materials under reduced pressure led to the formation of the corresponding carbene 
complex 3-6 as a dark-red powder which was purified by washing with ether (86 mg, 
81%).    
1
H NMR (400 MHz, C6D6):  = 1.13 (q, JHH = 8.0 Hz, 6H, GeCH2CH3), 
1.36 (t, JHH = 8.0 Hz, 9H, GeCH2CH3), 1.58 (s, 15H, C5(CH3)5), 2.49 (s, 3H, NCH3), 
3.17 (s, 3H, NCH3), 11.52 (s, 1H, Fe=CH).  
13
C{
1
H} NMR (100.4 MHz, C6D6):  = 
9.62 (s, C5(CH3)5), 9.76 (s, GeCH2CH3), 10.95 (s, GeCH2CH3), 44.66 (s, NCH3), 
53.53 (s, NCH3), 93.42 (s, C5(CH3)5), 224.79 (s, CO), 269.72 (s, Fe=C).  IR (cm
–1
, 
KBr): ν(CO) 1902 (s). Elemental analysis; Calcd: C20H37ONSGeFe: C, 51.32; H, 
7.97; N, 2.99%; Found: C, 51.58; H, 8.02,; N, 2.87%.  
 
Synthesis of Cp*(CO)Fe(CHNMe2)(SGePh3) (3-7) 
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Complex 3-7 was prepared in a manner similar to that for 3-6. Complex 3-5 (92 mg, 
0.16 mmol) was treated with N, N-dimethylthioformamide (13 L, 0.16 mmol) in 
toluene (5 ml) at 50 °C for 24 hours.  Removal of volatile materials under reduced 
pressure led to the formation of the corresponding carbene complex 3-7 as a dark-red 
powder which was purified by washing with ether (85 mg, 87%). 
1
H NMR (400 MHz, 
C6D6):  = 1.48 (s, 15H, C5(CH3)5), 2.27 (s, 3H, NCH3), 2.73 (s, 3H, NCH3), 7.18 (m, 
9H, Ph), 7.96 (d, JHH = 6.6 Hz, 6H, Ph). 11.54 (s, 1H, Fe=CH).  
13
C{
1
H} NMR 
(100.4 MHz, C6D6):  = 9.41 (s, C5(CH3)5), 44.62 (s, NCH3), 53.89 (s, NCH3), 92.84 
(s, C5(CH3)5), 127.82 (s, Ph), 128.24 (s, Ph), 135.63 (s, Ph), 143.13 (s, Ph), 223.43 (s, 
CO), 268.33 (s, Fe=C).  IR (cm
–1
, KBr): ν(CO) 1907 (s).  Elemental analysis; Calcd: 
C30H37ONSGeFe: C, 62.78; H, 6.09; N, 2.29%; Found: C, 62.64; H, 6.03; N, 2.22%.   
 
Thermal Reaction of complex 3-6 (or 3-7) with Ph2GeH2 in C6D6 
To a solution of 3-6 (or 3-7) (10 (10) mg, 21.4 mol (16.3)) in C6D6 (0.5 mL) in a 
NMR tube were added diphenylgermane (25 (18) l, 128.2 (98.0) mol) and 
triphenylmethane (8.4 (7.2) mg, 34.2 (29.4) mol) as an internal standard.  After 
heating for 12 hours at 50 °C, in the 
1
H NMR spectra the proton signal (11.5 ppm) on 
the carbene completely disappeared and a new signal characterized as NMe3 appeared 
at 2.05 ppm in both cases.  The thio coupling compounds could not be isolated from 
the mixture due to its thermal instability, however they could be detected by GC-MS 
spectra. GCMS data for Et3GeSGePh2H: [M] = 422, [M-Et] = 393, [MGeEt3] = 
260, [MSGeEt3] = 229.  The isotope patterns in each peak were fitted with 
simulation. 
 
X-ray Crystal structure determination of 3-7 
Deep-red crystals of 3-7 suitable for an X-ray diffraction study were obtained through 
crystallization from toluene/pentane. The single crystal was mounted in a glass 
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capillary. Data for 3-7 were collected at -70 ºC on Rigaku/MSC Mercury CCD 
area-detector diffractometer equipped with monochromated MoKα radiation. 
Calculations for 3-7 were performed with the teXane crystallographic software 
package of Molecular Structure Corporation. Crystal Data: C32H37ONSGeFe, M = 
612.13, red prism, 0.25 × 0.25 × 0.13 mm
3
, monoclinic, space group P21/c (No. 14), a 
= 14.2808(19) Å, b = 10.8004(14) Å, c = 19.383(3) Å, β = 98.592(3)°, V = 2956.0(7) 
Å
3
, Z = 4, Dcalc = 1.375 g/cm
3
, 6731 reflections collected, 5921 (I > 3σI) unique 
reflections were used in all calculations, number of variables = 344, R = 0.0469, Rw = 
0.0816, and goodness of fit = 1.162.  
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Chapter 4. Single and Double 
Hydrophosphination of Phenylacetylenes 
by Iron Complex 
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4-1 Introduction 
Phosphines and amines have three substituents and lone pair electrons, which are 
widely used as supporting ligands for transition metal complexes.  A phosphine is a 
soft base whereas an amine is a hard base.  Therefore, a phosphine strongly 
coordinates to electron rich and low valent transition metals.  Since the tuning of the 
substituents on the phosphorus atom brings about the electric and steric changes on 
the transition metal, various types of phosphine ligands have been explored and 
studied on their propaties.
1
  Especially, the bidentate phosphine ligands have 
stronger coordination ability to a transition metal due to the chelate effect and a larger 
influence on the coordination sphere.  This unique feature as a supporting ligand 
provided a lot of catalysts for the efficient and highly resio-, stereo- and 
chiral-controlled transformation reaction.   
The PC bond formation is the essential for the synthesis of versatile 
organophosphine compounds.  The most common method to make a PC bond is the 
reaction of phosphine halide with an organometallic reagent such as the Grignard 
reagents (i)
2
 and lithium reagents (ii).
3
  But the applicable ranges of these reactions 
are limited because of the less tolerance towards the functional groups.  The 
transition metal catalyzed PH bond addition to an unsaturated carbon-carbon bond in 
organic molecules, which is called hydrophosphination, is one of the most atom 
efficient reactions to access phosphine compounds with a PC bond (iii).4  Although 
these reactions often show high tolerance toward various functional groups, only a 
limited number of transition-metal catalyzed hydrophosphinations have been known 
to date.
5
  The main reason for this is deactivation of an active species in the catalytic 
reaction by the coordination of the reactant and/or the product.  In the case of 
preparation of the compounds with two phosphino moieties through a double 
hydrophosphination reaction of a C≡C bond in alkynes, the deactivation of the active 
species by the product might be more serious than that by a monodentate phosphine 
product due to the chelating effect.
6
  Actually, no catalytic double 
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hydrophosphination has been reported,
7
 although several stoichiometric double 
hydrophosphination reactions are known.
8
 
Addition of a PH bond in phosphine oxide (R2P(O)H) to unsaturated organic 
compounds using a transition metal complex seems to be an appropriate approach to 
create a PC bond because phosphine oxide is considered to deactivate less 
effectively a transition metal catalyst than phosphine.  Actually, several examples 
have been reported (iv).
9, 10
  However, the products have to be reduced to obtain 
phosphine (v).
11 
Chapters 1 to 3 described that the methyl iron complex 1-1, CpFe(CO)2Me, had the 
ability to activate an EH (E = Si, Ge, Sn) bond and to catalyze EH bond addition to 
an unsaturated C≡C bond in alkynes to give the corresponding compound with an 
EC bond.  If this activity of 1-1 toward silicon, germanium and tin compound could 
be applicable to a phosphorus compound, the hydrophosphination reaction would be 
achieved.  This chapter describes the results of the PH bond activation reaction by 
1-1.  Catalytic hydrophosphinations of alkyne and alkene by the 1-1 are also 
discussed (vi).   
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4-2. Hydrophosphination of Phenylacetylene with Diphenylphosphine in 1:1 Ratio 
A toluene solution containing an equimolar amount of Ph2PH and phenylacetylene in 
the presence of 10 mol% of 1-1 was heated at 110 ºC for 24 h.  But no 
hydrophosphinated product was obtained (Scheme 4-1).  However, the same reaction 
without toluene gave the mixture of three kinds of phosphorus compounds in 2:1:1 
ratio (Scheme 4-2).  In comparison with the 
31
P NMR spectra of the reaction mixture 
and the authentic compounds, one of them which was the major product was 
characterized as the 1,2-bis(diphenylphosphino) phenylethane
6
 derived from the 
double hydrophosphination reaction.  The other two of products were the (E)- and 
(Z)-2-(diphenlyphosphino)phenylethene isomers derived from the single 
hydrophosphination reaction.
12,13
  The reaction of two equiv of Ph2PH with one 
equiv of phenylacetylene was conducted and it was found that the double 
hydrophosphination product was formed exclusively. 
Scheme 4-1. 
 
Scheme 4-2. 
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4-3. Double Hydrophosphination of Phenylacetylene by Iron Complexes 
The reaction of two equiv of Ph2PH, one equiv of phenylacetylene and 5 mol% of 1-1 
based on Ph2PH were examined.  After the reaction mixture was heated at 110 °C for 
3 days, the volatile materials were removed under reduced pressure.  The residue 
was washed with hexane and dried under vacuum to give 
1,2-bis(diphenylphosphino)phenylethane in 94% yield.  (Table 1, Entry 1).  This is 
the first example of double hydrophosphination of alkyne promoted by a transition 
metal complex.  Some other iron compounds were also examined as catalyst 
precursors.  The complex 3-1, Cp*Fe(CO)2Me, showed similar catalytic activity 
(Entry 2).  In contrast, Fe(CO)5 (3-2), FeCl2 (4-1) and FeCl3 (4-2), showed no 
catalytic activity even towards the single hydrophosphination reaction (Entries 3-5).  
The optimizations of the reaction solvent and the amount of the catalyst were 
performed.  All attempted solvents were listed in Entries 6-9.  When the reaction 
was conducted in an organic solvent such as hexane, toluene, THF, or acetonitrile, the 
double hydrophosphination product was not obtained but the 
CpFe(CO)(Ph2PH){C(O)Me} (4-3) was formed, as determined by comparison of the 
NMR data of the reaction mixture with those of the authentic complex.
14
  When the 
amount of 1-1 was reduced from 5 to 2.5 or 1 mol%, the hydrophosphination reaction 
underwent (Entries 10 and 11).  But both amounts of the single and double 
hydrophosphinated products were decreased.   So, the reaction conditions shown in 
Entry 1 were the best and were employed in the following reactions.   
 
  
 116 
 
Table 4-1. Reaction of Ph2PH with PhC≡CH in the presence of Fe catalysis
a
 
 
 
a
 Reaction conditions: 110 °C, [Ph2PH]/[Phenylacetylene] = 2:1. 
b
 Based on [Ph2PH]. 
c
 Isolated yield. 
d
 Phenylacetylene was completely consumed but the single 
hydrophosphination compound was also formed. 
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4-4. Scope of Substrates  
Since the unprecedented catalytic hydrophosphination took place by the using of 1-1, 
the further instances of this reaction by utilizing different combinations of secondary 
phosphines and alkynes were conducted.  The results are summarized in Table 4-2.  
Various para-substituted phenylacetylenes with the electron-donating or the 
electron-withdrawing substituents were effectively converted into double 
hydrophosphination products (Entries 1-5).  And the functional groups such as 
fluoro, methoxy and amino groups remained intact during the course of the reaction, 
indicating the high tolerance of this reaction.  The compounds with lone pair 
electrons, 2-pyridinyl, 3-pyridyl and 3-thiophenyl derivatives, were also converted 
into the corresponding diphosphines (Entries 6-8).  Although the 2-pyridyl 
derivative showed a low isolated yield due to its high solubility in hexane that was 
used for purification of the product, the phosphine was converted into the 
corresponding diphosphine in 78% yield, according to the 
31
P NMR measurement 
(Entry 6).  In stark contrast, n-hexyl, cyclohexyl, and benzylacetylene did not 
undergo hydrophosphination (Entry 9).  In addition, both of the attempted internal 
alkynes, diphenylacetylene and dimethylacetylene dicarboxylate (DMAD), did not 
undergo hydrophosphination.  These results suggest that this catalytic system is 
effective only for terminal arylacetylenes but not for the alkyl acetylenes and the 
internal alkynes.  Instead of using Ph2PH, the reactions of phenylacetylene with 
(p-MeC6H4)2PH and (p-MeOC6H4)2PH also gave the double hydrophosphination 
products under the same reaction conditions (Entries 10 and 11).  However, alkyl 
phosphines, R2PH (R = 
c
Hex 
t
Bu), did not afford any hydrophosphination product 
(Entry 12).  All hydrophosphination compounds were characterized by 
1
H, 
13
C and 
31
P NMR spectra.  The molecular structures of the products in Entries 1 and 3 were 
confirmed by X-ray diffraction analyses (Figures 4-1 and 4-2).  In both cases, the 
two sp carbons in the starting alkynes were changed to sp
3
 carbons, and each of them 
has one Ph2P group.  The C–C bond lengths are 1.538 and 1.545 Å, showing that 
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they are single bonds.  The two phosphorus atoms were not oxidized. 
 
Table 4-2. Double hydrophosphination of R2PH with alkynes promoted by 
CpFe(CO)2Me
a
 
 
 
a
 Reaction conditions: 110 ˚C, 3 days, 10 mL Schlenk tube, 
[R2PH]/[phenylacetylene]/[1-1] = 20:10:1. 
b
 Isolated yield. 
c
 Alkyl = n-hexyl, 
cyclohexyl and benzyl.  
d
 Alkyl = 
c
Hex, 
t
Bu. 
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Figure 4-1. ORTEP drawing of 1,2-bis(diphenlyphosphino)tolylethane with 50% 
thermal ellipsoidal plots.  Hydrogen atoms were omitted for clarify. 
 
Figure 4-2. ORTEP drawing of 1,2-bis(diphenlyphosphino)anisylethane with 50% 
thermal ellipsoidal plots.  Hydrogen atoms were omitted for clarify. 
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4-5. Synthesis and Reactivity of Acyl Phosphine Complex 
In the reactions shown in Entries 2–5 of Table 4-1, CpFe(CO)(PPh2H){C(O)Me} 
(4-3) was produced, indicating that this iron complex might be a catalyst precursor.  
The catalytic reaction of 4-3 was examined under the same reaction conditions 
described in Entry 1 of Table 4-1.  In this reaction, the corresponding product was 
obtained in 87% yield, showing that 4-3 is catalytically active for the double 
hydrophosphination reaction and is formed in the first stage of the catalytic reaction 
by 1-1 (Scheme 4-3). 
Scheme 4-3. 
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4-6. Time Conversion of the Double Hydrophosphination 
The reaction of one equiv of phenylacetylene with two equiv of Ph2PH in the 
presence of 1-1 was monitored by the 
31
P NMR measurement (without H decoupling).  
A plot of the amounts of phosphorus compounds as functions of time is shown in 
Figure 4-3.  The amount of Ph2PH decreased constantly with the formation of other 
phosphorus compounds.  The single hydrophosphination product with Z 
configuration increased for 12 h after the reaction started and then decreased 
gradually.  In contrast, very little (E)-vinylphosphine was formed.   The double 
hydrophosphination product constantly increased with time.  This time dependence 
curve shows the following catalytic profile: Ph2PH reacts with phenylacetylene to 
give (Z)-vinylphosphine selectively, which then reacts with Ph2PH to afford 
1,2-bis(diphenylphosphino)phenylethane.  A very small amount of the 
(E)-vinylphosphine was formed by the isomerization of the (Z)-isomer.  After 48 h, 
the molar ratio of 1,2-bis(diphenylphisphino)phenylethane: (Z)-vinylphosphine : 
(E)-vinylphosphine : Ph2PH was 84 : 7 : 4 : 5. 
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Figure 4-3.  Plot of the amounts of phosphorus compounds as functions of time in the 
reaction of 1-1, phenylacetylene, and Ph2PH in 1 : 10 : 20 ratio at 110 °C. (♦, ■, ▲ and 
● stand for 1,2-bis(diphenylphosphino)phenlyethane, (Z)-vinylphosphine, 
(E)-vinylphosphine and Ph2PH). 
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4-7. Single Hydrophosphination of Phenylacetylene 
In chapter 4-2, the single and double hydrophosphinated products were shown to be 
formed.  By increasing the amount of Ph2PH and elongating the reaction time, only 
the double hydrophosphinated compound was obtained exclusively (chapter 4-3).  
Herein, the reaction conditions to obtain the single hydrophosphinated product were 
described.   
  To prepare the vinylphosphine by the selective single hydrophosphination reaction 
of alkyne, the reaction of one equiv of phenylacetyelene with one equiv of Ph2PH in 
toluene at 110 ºC for 2 days was performed in the presence of various iron catalysts, 
and it was found that the methyl pyridine complex, Cp*Fe(CO)(Py)Me (4-4), was a 
good pre-catalyst for the single hydrophosphination reaction (Scheme 4-4 and Entry 1 
of Table 4-3).  All other iron complexes attempted, 1-1, 3-1, 3-2 and 4-3, gave the 
mixture of double and single hydrophosphinated products (Scheme 4-5).  Even 
under the neat conditions, the mixture of phosphorus compounds was obtained.   
Scheme 4-4. 
 
Scheme 4-5. 
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  The optimization of the reaction solvent and extension of the scope of substrates 
were conducted.  Although the yield slightly decreased in xylene solvent, the 
selectivity of the (Z)-isomer increased (Entry 2).  In pyridine, the yield and 
selectivity similar to those of Entry 1 were observed (Entry 3).  However, the 
reaction in dimethylformamide (DMF) gave the corresponding vinyl phosphines in 
64% yield with no selectivity of the isomers (Entry 4).  The reasons for these 
differences remain unrevealed now.  The reactions with p-tolylacetyene and 
p-aminophenylacetylene gave the corresponding (Z)-vinyl phosphines as major 
products (Entries 5 and 6).  In summary of the single hydrophosphination reaction, 
two points are essential.  One is the use of 4-4 as a pre-catalyst.  The other is the 
use of a solvent because the double hydrophosphination reaction does not take place 
in any solvents.   
 
Table 4-3. Optimization of the single hydrophosphination reaction
a 
 
 
a 
Reaction conditions: 110 ºC, 2 days, [Ph2PH]/[alkyne] = 1 : 1. 
b
 Based on the 
31
P 
NMR measurement. 
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4-8. Proposed Reaction Mechanism 
The proposed mechanism for the double hydrophosphination reaction of Ph2PH with 
phenylacetylene by 1-1 is shown in Scheme 4-6.  The CO ligand insertion into the 
Fe–Me bond in 1-1 and Ph2PH coordination take place to give 4-A.   As mentioned 
in chapter 4-5, 4-A can be obserbed and isolated when the reaction is performed in an 
organic solvent.  The conversion of 4-A into 4-B bearing a Ph2P ligand occurs either 
via oxidative addition of PH bond in the Ph2PH ligand and HC(O)Me elimination or 
via concerted HC(O)Me elimination from the coordinated Ph2PH ligand and the 
C(O)Me ligand.  Phenylacetylene ccoordinates to 4-B through the C≡C triple bond 
to give 4-C.  The phosphide iron complex, CpFe(CO)(PMes2), which is similar to 
4-B, has been reported previously to be reactive with an unsaturated bond in 
isothiocyanate.
15
  The C≡C bond of phenylacetylene in 4-C inserts into the Fe–P 
bond to form 4-D.  The phosphorus atom in 4-D may coordinate to the iron center to 
give 4-D’, and they may be in equilibrium.15,16  Relevant alkyne insertion into MP 
bond (M = Ni, Pd, Pt, Rh) was suggested by DFT calculation.
17
  The second Ph2PH 
molecule coordinates to 4-D to form 4-E, which is converted into 4-B with 
PhHC=CH(PPh2) generation.  Complex 4-B undergoes into Cycle 1 when it reacts 
with PhC≡CH.  Alternatively, 4-B may react with the PhHC=CH(PPh2) produced in 
Cycle 1 to be involved into Cycle 2, which consists of 4-B 4-F (olefin 
coordination), 4-F 4-G (olefin insertion into the Fe–P bond), 4-G -H (PPh2H 
coordination), and 4-H  4-B (reproduction of 4-B with formation of 
(Ph2P)C(Ph)HCH2(PPh2).  In this catalytic cycle, species 4-D and 4-G are in 
equilibrium with catalytically inactive 4-D’ and 4-G’, respectively.  These 
equilibriums may be responsible for the relatively slow reaction: it takes about three 
days to finish the catalytic reaction.   
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Scheme 4-6. 
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4-9. Radical Reaction Pathway 
Several additional experiments were conducted to check whether the radical pathway 
can be ruled out or not.  When more than one equiv of 2,2,6,6-tetramethylpiperidine 
1-oxyl (TEMPO) or garvinoxyl was used as a radical inhibitor, diphenylphosphine 
was converted into the corresponding phosphine oxide even without an iron catalyst.
18
  
When 5 mol%  (vs. phosphine) of the radical inhibitor was added under standard 
conditions (Table 1, Entry 1), a large amount of double hydrophosphination 
compound and a little amount of phosphine oxide were formed.  The reactions under 
light-shielding conditions and under argon atmosphere were also carried out, but no 
significant difference was observed.  It has been reported that a radical reaction of 
Ph2PH with alkyne promoted by AIBN or photo irradiation yielded only the single 
hydrophosphination product, but never yielded the double hydrophosphination 
product in one pot.
12
  These results indicate that our catalytic reaction occurs not via 
a radical pathway, although a radical pathway cannot be ruled out completely. 
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4-10. Conclusion 
In summary of this chapter, an unprecedented catalytic single and double 
hydrophosphination were achieved in the reaction of a terminal aryl alkyne with a 
secondary aryl phosphine using an iron complex 1-1 or 4-4.  Selective formation of 
the single and the double hydrophosphination products could be achieved as follows.  
In the case of double hydrophosphination reaction, the key point is the use of the 
combination of aryl alkyne, aryl phosphine and 1-1 under neat reaction conditions.  
In the case of the single hydrophosphination reaction, the key point is the combination 
of aryl alkyne, aryl phosphine and 4-4 in an organic solvent.   
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4-11. Experimental Section 
All manipulations were carried out using standard Schlenk techniques under a dry 
nitrogen atmosphere.  Methyl iron complexes, CpFe(CO)2(Me) (1-1) and 
Cp*Fe(CO)2Me (3-1) were prepared according to the methods written in the 
experimental sections of chapters 1 and 3.  The secondary phosphines, 
diphenylphosphine, bis(p-tolyl)phosphine
3
 and bis(p-methoxyphenyl)phosphine
3
 were 
prepared according to the literature methods.  Benzene, hexane, ether and THF were 
distilled from sodium and benzophenone prior to use and stored under nitrogen.  The 
other chemicals used were purchased.  The NMR spectra (
1
H, 
13
C{
1
H} and 
31
P{
1
H}) 
were recorded on a JNM AL400 spectrometer.  1H and 13C{1H} NMR data were 
referred to residual peaks of solvent as an internal standard.  Peak positions of the 
31
P{
1
H} NMR spectra were referenced to an external 85% H3PO4 ( = 0 ppm).  
Elemental analysis data were obtained on a PerkinElmer 2400 CHN elemental 
analyzer. 
 
General procedure for 1, 2-bisphosphinoethane derivatives 
The secondary phosphine (2.5 mmol), R2PH, was treated with acetylene (1.25 mmol) 
in the presence of iron catalyst (0.125 mmol, 5 mol% vs. phosphine) at 110 °C for 3 
days.  After removal of the volatile materials under reduced pressure, the residue 
was solved in CH2Cl2 (5 mL).  The solution was passed through a celite column and 
the solvent (CH2Cl2) of the eluate was removed under reduced pressure. The residue 
was washed with hexane (2 mL, 2 times) and dried under vacuum to give the 
1,2-bisphosphinoethane derivative as a white powder.   
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 (95%) 
1
H NMR (400 MHz, CDCl3): = 2.28 (s, 3H, CH3), 2.46 (m, 2H, CH2), 3.26 (m, 1H, 
CH), 6.88 (t, JHH = 6.8 Hz, 2H, m-Ph), 7.00-7.42 (m, 22H, Ph). 
13
C{
1
H} NMR (100.4 
MHz, CDCl3):  21.30 (s, CH3), 32.99 (dd, JPC = 21 Hz, JPC = 15 Hz, CH2), 41.15 (t, 
JPC = 14 Hz, CH), 127.78 (s, p-Ph), 127.85 (s, p-Ph), 127.91 (s, p-Ph), 128.11 (s, 
p-Ph), 128,26 (d, JPC = 2 Hz, m or o-Ph), 128.60 (d, JPC = 7 Hz, m-Ph) , 128.67 (d, JPC 
= 8 Hz, m-Ph), 129.19 (s, m or o-Ph), 129.30 (JPC = 8 Hz, m-Ph), 129. 38 (d, JPC = 7 
Hz, m-Ph), 131.94 (d, JPC = 17 Hz, o-Ph), 133,04 (d, JPC = 17 Hz, o-Ph), 134.41 (d, 
JPC = 20 Hz, o-Ph), 136.13 (d, JPC = 2 Hz, Cipso), 136.34 (d, JPC = 16 Hz, PCipso), 
137.22 (d, JPC = 17 Hz, PCipso), 137.31 (m, Cipso), 137,75 (d, JPC = 17 Hz, PCipso), 
139.46 (d, JPC = 14 Hz, PCipso). 
31
P{
1
H} NMR(161.7 MHz, CDCl3):  = 22.96 (d, 
JPP = 18.3 Hz, PCH2), 1.65 (d, JPP = 18.3 Hz, PCH).  Elemental Analysis. Calcd. For 
C33H30P2: C, 81.13; H, 6.19; Found: C, 80.80; H, 6.15. 
 
 (73%) 
1
H NMR (400 MHz, C6D6):  = 1.29 (s, 9H, CH3), 2.52 (m, 2H, CH2), 3.30 (m, 1H, 
CH), 6.78 (m, 2H, Ph), 7.00 (m, 4H, Ph), 7.19 (m, 6H, Ph), 7.32 (m, 12H, Ph). 
13
C{
1
H} NMR (100.4 MHz, CDCl3):  = 31.53 (s, CH3), 32,74 (dd, JPC = 22 Hz, JPC = 
15 Hz, CH2), 34.50 (s, C(CH3)), 41.29 (t, JPC = 14 Hz, CH), 125.23 (s, m-Ph), 127.66 
(d, JPC = 6 Hz, m-Ph), 127.99 (s, p-Ph), 128.11 (s, p-Ph), 128.23 (d, JPC = 5 Hz, m-Ph), 
128.57 (d, JPC = 7 Hz, m-Ph), 128.67 (d, JPC = 7 Hz, m-Ph), 129.00 (d, J PC = 6 Hz, 
m-Ph), 129.23 (s, p-Ph), 129.36 (s, p-Ph), 132.86 (d, JPC = 17 Hz, o-Ph), 132.96 (d, 
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JPC = 17 Hz, o-Ph), 134.22 (d, JPC = 11 Hz, o-Ph), 134.42 (d, JPC = 11 Hz, o-Ph), 
136.19 (d, JPC = 17 Hz, PCipso), 137.07 (dd, JPC = 2 Hz, JPC = 7 Hz, Cipso), 137.34 
(d, JPC = 16 Hz, PCipso), 138.10 (d, JPC = 14 Hz, PCipso), 139.28 (d, JPC = 13 Hz, 
PCipso), 149.35(s, Cipso). 
31
P{
1
H} NMR(161.7 MHz, CDCl3):  = 21.90 (d JPP = 
18.3 Hz, PCH2), 2.38 (d JPP = 18.3 Hz, PCH).  Elemental Analysis. Calcd. For 
C36H36P2: C, 81.49; H, 6.84; Found: C, 81.54; H, 6.96. 
 
 (82%) 
1
H NMR (400 MHz, CDCl3):  = 2.09 (m, 2H, CH2), 3.28 (m, 1H, CH), 3.78 (s, 3H, 
CH3), 6.75 (d, JHH = 8.4 Hz, 2H, o-Ph), 6.89 (t, JHH = 6.8 Hz, 2H, m-Ph), 7.02 (d, JHH 
= 8.8 Hz, 2H, m-Ph), 7.06-7.43 (m, 18H, Ph). 
13
C{
1
H} NMR (100.4 MHz, CDCl3):  
= 33.08 (dd, JPC = 22, Hz, JPC = 15 Hz, CH2), 40.77 (t, JPC = 14 Hz, CH), 55.28 (s, 
CH3), 113.86 (s, m or o-Ph), 127.81 (s, p-Ph), 127.87 (s, p-Ph), 127.98 (s, p-Ph), 
128.24 (s, p-Ph), 128,29 (s, m or o-Ph), 128.60 (d, JPC = 8 Hz, m-Ph), 128.70 (d, JPC = 
8 Hz, m-Ph), 129.40 (d, JPC = 8 Hz, m-Ph), 130.37 (d, JPC = 7 Hz, o-Ph), 131.98 (d, 
JPC = 18 Hz, o-Ph), 132.34, (dd, JPC = 9 Hz, JPC = 3 Hz, Cipso), 133.05 (d, JPC = 17 
Hz, o-Ph), 134,37 (d, JPC = 20 Hz, o-Ph), 136.23 (d, JPC = 16 Hz, PCipso ), 137.21 (d, 
JPC = 16 Hz, PCipso), 137.76 (d, JPC = 16 Hz, PCipso), 139.41 (d, JPC = 14 Hz, 
PCipso), 158.29 (d, JPC = 2 Hz, Cipso).  
31
P{
1
H} NMR(161.7 MHz, CDCl3):  = 
22.73 (d, JPP = 18.3 Hz, PCH2), 1.35 (d, JPP = 18.3 Hz, PCH).  Elemental Analysis. 
Calcd. For C33H30OP2: C, 78.56; H, 5.99; Found: C, 78.25; H, 5.99.   
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 (72%) 
1
H NMR (400 MHz, CDCl3):  = 2.44 (m, 2H, NH2), 3.20 (m, 2H, CH2), 3.55 (m, 1H, 
CH), 6.54 (d, JHH = 8.3 Hz, 2H, o-Ph), 6.89 (m, 2H, Ph), 7.02-7.43 (m, 20H, Ph).  
13
C{
1
H} NMR (100.4 MHz, CDCl3):  = 33.16 (dd, JPC = 22 Hz, JPC = 15 Hz, CH2), 
40.73 (t, JPC = 14 Hz, CH), 115.45 (s, m-Ph), 127.73 (s, p-Ph), 127.80 (s, p-Ph), 
127.84 (s, p-Ph), 128.16 (d, JPC = 4 Hz, m-Ph), 128.24 (s, p-Ph), 128.54 (d, JPC = 7 Hz, 
m-Ph), 128.62 (d, JPC = 8 Hz, m-Ph), 129.30 (d, JPC = 5 Hz, m-Ph), 130.24 (d, JPC = 7 
Hz, m-Ph), 131.92 (d, JPC = 17 Hz, o-Ph), 133,06 (d, JPC = 17 Hz, o-Ph), 134.39 (d, 
JPC = 21 Hz, o-Ph), 136.48 (d, JPC = 16 Hz, PCipso), 137.43 (d, JPC = 16 Hz, PCipso), 
137,83 (d, JPC = 16 Hz, PCipso), 139.62 (d, JPC = 14 Hz, PCipso), 144.93 (d, JPC = 2 
Hz, Cipso).  
31
P{
1
H} NMR (161.7 MHz, CDCl3):  = 22.87 (d, JPP = 18.3 Hz 
PCH2), 1.04 (d, JPP = 18.3 Hz, PCH).  Elemental Analysis. Calcd. For C32H29NP2: C, 
78.51; H, 5.97; N, 2.86; Found: C, 78.52; H, 6.19; N, 2.86. 
 
 (91%) 
1
H NMR (400 MHz, CDCl3):  = 2.48 (m, 2H, CH2), 3.02 (m, 1H, CH), 6.83-6.89 (m, 
4H m-Ph), 7.00-7.06 (m, 4H, Ph), 7.12-7.44 (m, 16H, Ph).  
13
C{
1
H} NMR (100.4 
MHz, CDCl3): 32.89 (dd, JPC = 21 Hz, JPC = 16 Hz, CH2), 41.06 (t, JPC = 15 Hz, 
CH ), 115.25 (d, JFC = 21 Hz, o or m-Ph), 127.90 (s, p-Ph), 127.97 (s, p-Ph), 128.22 (d, 
JPC = 15 Hz, m-Ph), 128.35 (s, p-Ph), 128.52 (s, p-Ph), 128.68 (d, JPC = 11 Hz, m-Ph), 
128.77 (d, JPC = 11 Hz, m-Ph), 130.76 (t, JPC = 7 Hz, m or o-Ph), 132.06 (d, JPC = 18 
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Hz, o-Ph), 133.07 (d, JPC = 18 Hz, o-Ph), 134.26 (d, JPC = 20 Hz, o-Ph), 135.81 (d, 
JPC = 16 Hz, PCipso), 136.15 (m, Cipso), 136.74 (d, JPC = 16 Hz, PCipso), 137.60 (d, 
JPC = 15 Hz, PCipso), 138.99 (d, JPC = 13 Hz, PCipso), 161.61 (d, JFC = 245 Hz, 
FCipso).  
31
P{
1
H} NMR (161.7 MHz, CDCl3): 22.47 (d, JPP = 15.2 Hz, PCH2), 
2.16 (d, JPP = 15.2 Hz, PCH).  Elemental Analysis. Calcd. For C32H27FP2: C, 78.04; 
H, 5.53; Found: C, 77.91; H, 5.57. 
 (91%) 
1
H NMR (400 MHz, CDCl3):  = 2.60 (m, 2H, CH2), 3.41 (m, 1H, CH), 6.98 (m, 2H, 
Ph), 7.11-7.19 (br, 5H, Ph), 7.19-7.51 (m, 15H, py and Ph), 8.23 (s, 1H, py), 8.41 (s, 
1H, py). 
13
C{
1
H} NMR (100.4 MHz, CDCl3):  = 32.33 (dd, JPC = 21 Hz, JPC = 16 Hz, 
CH2), 39.22 (d, JPC = 16 Hz, CH), 123.30 (s, py), 128.15 (d, JPC = 7 Hz, m-Ph), 
128.32 (d, JPC = 7 Hz, m-Ph), 128.42 (s, p-Ph), 128.74 (d, JPC = 7 Hz, m-Ph), 128.84 
(d, JPC = 7 Hz, m-Ph), 128.93 (s, p-Ph), 129.52 (s, p-Ph), 129.67 (s, p-Ph), 132.10 (d, 
JPC = 18 Hz, o-Ph), 133.15 (d, JPC = 18 Hz, o-Ph), 134.04 (d, JPC = 20 Hz, o-Ph), 
134.12 (d, JPC = 20 Hz, o-Ph), 135.42 (d, JPC = 16 Hz, PCipso), 135.98 (d, JPC = 16 
Hz, PCipso), 136.21 (s, Cipso or py), 136.28 (s, Cipso or py), 137.28 (d, JPC = 16 Hz, 
PCipso), 138.64 (d, JPC = 13 Hz, PCipso), 147.82 (s, py), 150.89 (d, JPC = 6 Hz, py).  
31
P{
1
H} NMR (161.7 MHz, CDCl3): 22.11 (d, JPP = 15.6 Hz, PCH2), 2.95 (d, JPP 
= 15.6 Hz, PCH).  Elemental Analysis. Calcd. For C31H27NP2: C, 78.30; H, 5.72; N, 
2.95; Found: C, 78.37; H, 5.80; N, 2.81. 
 
 (77%) 
1
H NMR (400 MHz, CDCl3):  = 2.53 (m, 2H, CH2), 3.55 (m, 1H, CH), 6.80 (s, 1H, 
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aromatic), 6.95-6.98 (br, 3H, aromatic), 7.13 (d, JPH = 7.3 Hz, 2H, Ph), 7.18-7.24 (br, 
4H, aromatic), 7.37-7.46 (Br, 13H, aromatic). 
13
C{
1
H} NMR (100.4 MHz, CDCl3):  
= 32.99 (dd, JPC = 21 Hz, JPC = 17 Hz, CH), 37.13 (t, JPC = 13 Hz, CH2), 122.31 (s, 
thiophenyl), 122.34 (d, JPC = 7 Hz, m-Ph), 122.38 (s, thiophenyl), 125.50 (s, 
thiophenyl), 127.87 (d, JPC = 5 Hz, m-Ph), 128.04 (s, p-Ph), 128.28 (d, JPC = 5 Hz, 
m-Ph), 128.38 (s, p-Ph), 128.58 (d, JPC = 7 Hz, m-Ph), 128.69 (d, JPC = 7 Hz, m-Ph), 
129.30 (s, p-Ph), 129. 44 (s, p-Ph), 132.02 (d, JPC = 17 Hz, o-Ph), 132.91 (d, JPC = 17 
Hz, o-Ph), 134.16 (d, JPC = 20 Hz, JPC = 7 Hz, o-Ph), 134.22 (d, JPC = 20 Hz, o-Ph), 
135.90 (d, JPC = 15 Hz, PCipso), 137.14 (dd, JPC = 17 Hz, JPC = 2 Hz, Cipso), 137,80 
(d, JPC = 13 Hz, PCipso), 139.20 (d, JPC = 14 Hz, PCipso), 140.84 (d, JPC = 6 Hz, 
PCipso).  
31
P{
1
H} NMR (161.7 MHz, CDCl3):  21.24 (d, JPP = 16.5 Hz , PCH2), 
0.29 (d, JPP = 15.1 Hz, PCH). Elemental Analysis. Calcd. For C30H26P2S: C, 74.98; H, 
5.45; Found: C, 74.95; H, 5.71. 
 
 (27%) 
1
H NMR (400 MHz, CDCl3):  = 2.43 (m, 1H, CH2), 3.00 (m, 1H, CH), 3.58 (m, 1H, 
CH2), 6.77 (d, 1H, JPC = 7.6 Hz, Py), 6.93-7.42 (m, 22H, Ph and Py), 8.56 (m, 1H, py).  
13
C{
1
H } NMR (100.4 MHz, CDCl3):  = 31.60 (dd, JPC = 22 Hz, JPC = 16 Hz, CH2), 
44.26 (t, JPC = 15 Hz, CH ), 121.39 (d, JPC = 2 Hz, py), 124.85 (d, JPC = 4 Hz, py), 
127.89 (s, py), 127.99 (d, JPC = 7 Hz, m-Ph), 128.23 (d, JPC = 6 Hz, m-Ph), 128.50 (s, 
p-Ph), 128.64 (d, JPC = 5 Hz, m-Ph), 128.71 (d, JPC = 4 Hz, m-Ph), 129.27 (s, p-Ph), 
129.31 (s, p-Ph), 132.09 (d, JPC = 17 Hz, o-Ph), 133.15 (d, J PC = 19 Hz, o-Ph), 134.08 
(d, JPC = 20 Hz, o-Ph), 134.16 (d, JPC = 20 Hz, o-Ph), 135.71 (s, py), 136.08 (d, JPC = 
17 Hz, PCipso), 137.02 (d, JPC = 17 Hz, PCipso), 137.94 (d, JPC = 15 Hz, PCipso), 
138.96 (d, JPC = 13 Hz, PCipso), 149.68 (s, Cipso), 160.38 (d, JPC = 3 Hz, Cipso). 
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31
P{
1
H} NMR (161.7 MHz, CDCl3):  = 20.83 (d JPP = 18.4 Hz, PCH2), 2.41 (d, JPP 
= 22.0 Hz, PCH).  Elemental Analysis. Calcd. For C31H27NP2: C, 78.30; H, 5.72; N, 
2.95; Found: C, 78.03; H, 5.70; N, 2.96. 
(92%) 
1
H NMR (400 MHz, CDCl3):  = 2.29 (s, 3H, CH3), 2.33 (s, 3H, CH3), 2.46 (s, 3H, 
CH3), 2.44 (s, 3H, CH3), 2.51-2.55 (br, 2H, CH2), 3.39 (m, 1H, CH), 6.83 (dd, JHH = 
7.4 Hz, JHH = 6.7 Hz, 2H, m-Ph), 6.91 (d, JHH = 6.7 Hz, 2H, o-Ph), 7.07-7.35 (m, 17H, 
Ph). 
13
C{
1
H} NMR (100.4 MHz, CDCl3):  = 21.27 (s, CH3), 21.29 (s, CH3), 21.56 (s, 
CH3), 21.58 (s, CH3), 32.99 (dd, JPC = 19 Hz, JPC = 15 Hz, CH2), 41.74 (t, JPC = 14 Hz, 
CH), 126.49 (d, JPC = 2 Hz, m-Ph), 128.29 (s, p-Ph), 128.59 (d, JPC = 7 Hz, m-Ph), 
129.02 (d, JPC = 6 Hz, m-Ph), 129.33 (d, JPC = 7 Hz, m-Ph), 129.43 (d, JPC = 8 Hz, 
m-Ph), 129.55 (d, JPC = 7 Hz, o-Ph), 131.85 (d, JPC = 17 Hz, o-Ph), 132.83 (d, JPC = 
14 Hz, PCipso), 134.28 (d, JPC = 15 Hz, PCipso), 134.36 (d, JPC = 21 Hz, o-Ph), 
134.38 (d, JPC = 20 Hz, o-Ph), 134.38 (d, JPC = 20 Hz, o-Ph), 136.26 (d, JPC = 12 Hz, 
PCipso), 137.68 (s, PCipso), 138.04 (s, PCipso), 139.23 (s,PCipso), 139.23 (s, 
PCipso), 139.34 (s, PCipso), 140.89 (dd, JPC = 9 Hz, JPC = 3 Hz, Cipso). 
31
P{
1
H} 
NMR (161.7 MHz, CDCl3): 24.64 (d, JPP = 18.4 Hz, PCH2), 0.94 (d, JPP = 14.7 
Hz, PCH).  Elemental Analysis. Calcd. For C36H36P2: C, 81.49; H, 6.84; Found: C, 
81.32; H, 6.90. 
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 (73%) 
1
H NMR (400 MHz, CDCl3):  = 2.40 (m, 2 H, CH2), 3.20 (m, 1H, CH), 3.67 (s, 3H, 
OCH3), 3.76 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 3.87 (s, 3H, OCH3), 6.58 (d, JHH = 
8.35 Hz, 2H, Ph), 6.73-6.81 (m, 3H, Ph), 6.87 (dd, JHH = 6.9 Hz, JHH = 6.9 Hz, 4H, 
Ph), 7.07-7.32 (m, 12H, Ph). 
13
C{
1
H} NMR (100.4 MHz, CDCl3):  = 33.25 (dd, JPC 
= 21 Hz, JPC = 15 Hz, CH2), 42.33 (t, JPC = 14 Hz, CH), 55.15 (s, CH3O), 55.25 (s, 
CH3O), 55.34 (s, CH3O), 55.38 (s, CH3O), 113.50 (d, JPC = 7 Hz, m-Ph), 114.00 (d, 
JPC = 7 Hz, m-Ph), 114.19 (d, JPC = 8 Hz, m-Ph), 114.34 (d, JPC = 8 Hz, m-Ph), 126.49 
(d, JPC = 2 Hz, p-Ph), 127.34 (d, JPC = 13 Hz, PCipso), 128.32 (s, m-Ph), 128.87 (d, 
JPC = 14 Hz, PCipso), 129.51 (d, JPC = 7 Hz, o-Ph), 130.52 (d, JPC = 13 Hz, PCipso), 
133.32 (d, JPC = 19 Hz, o-Ph), 134.24 (d, JPC = 21 Hz, PCipso), 134.36 (d, JPC = 19 
Hz, o-Ph), 135.64 (d, JPC = 22 Hz, o-Ph), 135.74 (d, JPC = 22 Hz, o-Ph), 140.96 (dd, 
JPC = 3 Hz, JPC = 8 Hz, Cipso), 159.66 (s, PCipso), 159.81 (s, PCipso), 160.66 (s, 
PCipso), 160.70 (s, PCipso). 
31
P{
1
H} NMR(161.7 MHz, CDCl3): 26.25 (d. JPP = 
17.0 Hz, PCH2), -0.66 (d, JPP = 18.3 Hz, PCH).   Elemental Analysis. Calcd. For 
C36H36O4P2: C, 72.72; H, 6.10; Found: C, 72.36; H, 6.16. 
 
Double hydrophosphination promoted by CpFe(CO)(PPh2H){C(O)Me} (4-4) 
The reaction of Ph2PH (465.5 mg, 2.5 mmol) with phenylacetylene (127.7 mg, 1.25 
mmol) in the presence of iron catalyst 4-4 (47.3 mg, 0.125 mmol) at 110 °C for 3 days 
was conducted.  After removal of the solvent under reduced pressure, the residue 
was washed by hexane and dried under vacuum to give 
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1,2-bis(diphenylphosphino)phenylethane (514.6 mg, 87%).   
 
Time conversion in the reaction of diphenylphosphine with alkyne in 2:1 ratio 
The reaction of Ph2PH (465.5 mg, 2.5 mmol) with phenylacetylene (127.7 mg, 125 
mmol) in the presence of 1-1 (24.5 mg, 0.13 mmol) at 110 °C was performed.  The 
31
P NMR spectra were recorded at room temperature.  After 48 h, the double 
hydrophosphination product, (Z)-vinylphosphine, (E)-vinylphosphine and Ph2PH 
were observed in 84:7:4:5 ratio.  
 
X-ray Crystal structure determination of 1,2-bis(diphenylphosphino)tolylethane 
Colorless crystals of 1,2-bis(diphenylphosphino)tolylethane suitable for an X-ray 
diffraction study were obtained through crystallization from methanol/THF. The 
single crystal was mounted in a glass capillary.  Data for 
1,2-bis(diphenylphosphino)tolylethane were collected at 200 K (2) on Rigaku/MSC 
Mercury CCD area-detector diffractometer equipped with monochromated MoK 
radiation.  Calculations for 1,2-bis(diphenylphosphino)tolylethane were performed 
with the teXane crystallographic software package of Molecular Structure 
Corporation.  Crystal Data: C33H30P2, M = 488.51, colorless prism, 0.35 × 0.20 × 
0.08 mm
3
, orthorhombic, space group P212121 (No. 19), a = 10.2581(6) Å, b = 
11.9822(7) Å, c = 22.0451(14) Å, V = 2709.7(3) Å
3
, Z = 4, Dcalc = 1.197 g/cm
3
, 6137 
reflections collected, 5666 (I > 2σI) unique reflections were used in all calculations, 
number of variables = 398, R = 0.0530, Rw = 0.0878, and goodness of fit = 1.118.   
 
X-ray Crystal structure determination of 1,2-bis(diphenylphosphino)anisylethane 
Colorless crystals of 1,2-bis(diphenylphosphino)anisylethane suitable for an X-ray 
diffraction study were obtained through crystallization from hexane/THF.  The 
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single crystal was mounted in a glass capillary.  Data for 
1,2-bis(diphenylphosphino)anisylethane were collected at 150 K (2) on Rigaku/MSC 
Mercury CCD area-detector diffractometer equipped with monochromated MoK 
radiation. Calculations for 1,2-bis(diphenylphosphino)anisylethane were performed 
with the teXane crystallographic software package of Molecular Structure 
Corporation. Crystal Data: C33H30OP2, M = 504.51, colorless prism, 0.25 × 0.20 × 
0.10 mm
3
, triclinic, space group P-1 (No. 2), a = 5.9404 (7) Å, b = 9.5623 (11) Å, c = 
23.993 (3) Å,  = 91.290 (4)°, β = 94.616 (7)°,  = 99.627 (7), V = 1338. 4 (3) Å3, Z = 
2, Dcalc = 1.252 g/cm
3
, 5654 reflections collected, 5022 (I > 2σI) unique reflections 
were used in all calculations, number of variables = 445, R = 0.0675, Rw = 0.1006, 
and goodness of fit = 1.139.  
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In the title complex, [Fe(C5H5){Sn(C2H5)3}(C5H5N)(CO)], the
Fe atom is coordinated by carbonyl, pyridine, triethylstannyl
and cyclopentadienyl ligands in a typical three-legged piano-
stool configuration. The Fe—Sn and Fe—N bond distances are
2.5455 (13) and 1.984 (6) A˚, respectively.
Related literature
For background, see: Nakazawa et al. (2007). Applications of
transition metal complexes with a stannyl ligand are reviewed
by Smith et al. (2000). For a related transition metal stannyl
complex having a pyridine ligand, see: Rickard et al. (1999).
For structures of related silyl analogues, see: Iwata et al.
(2003); Nakazawa et al. (2007); Itazaki et al. (2007).
Experimental
Crystal data
[FeSn(C2H5)3(C5H5)(C5H5N)(CO)]
Mr = 433.92
Monoclinic, P21=c
a = 15.038 (4) A˚
b = 7.8271 (19) A˚
c = 15.717 (4) A˚
 = 96.783 (5)
V = 1837.1 (8) A˚3
Z = 4
Mo K radiation
 = 2.15 mm1
T = 200 (2) K
0.13  0.13  0.02 mm
Data collection
Rigaku/MSC Mercury CCD
diffractometer
Absorption correction: multi-scan
(Jacobson, 1998)
Tmin = 0.768, Tmax = 0.958
17586 measured reflections
4174 independent reflections
3439 reflections with I > 2(I)
Rint = 0.069
Refinement
R[F 2 > 2(F 2)] = 0.088
wR(F 2) = 0.138
S = 1.07
4174 reflections
193 parameters
3 restraints
H-atom parameters constrained
max = 0.54 e A˚
3
min = 0.50 e A˚3
Data collection: CrystalClear (Rigaku, 2001); cell refinement:
CrystalClear; data reduction: CrystalClear; program(s) used to solve
structure: SHELXS97 (Sheldrick, 2008); program(s) used to refine
structure: SHELXL97 (Sheldrick, 2008); molecular graphics:
ORTEP-3 for Windows (Farrugia, 1997); software used to prepare
material for publication: SHELXL97.
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Effect of Elements) and by a Grant-in-Aid for Young Scien-
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Culture, Sports, Science and Technology, Japan. The authors
also acknowledge support from the Daicel Chemical Indus-
tries Ltd Award in Synthetic Organic Chemistry, Japan, and
the Kinki-chiho-hatsumei-center.
Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: WM2203).
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SYNTHESIS, CHARACTERIZATION, AND CRYSTAL
STRUCTURE OF GERMYL(PHOSPHINE)IRON
COMPLEXES, Cp(CO)Fe(PPh3)(GeR3) (R = Et, nBu, Ph),
PREPARED FROM Cp(CO)Fe(PPh3)(Me) AND HGeR3
Masumi Itazaki, Masahiro Kamitani, Yasuhiro Hashimoto, and
Hiroshi Nakazawa
Department of Chemistry, Graduate School of Science, Osaka City University,
Osaka, Japan
Photoreaction of Cp(CO)2Fe(Me) (Cp stands for η5-cyclopentadienyl) with PPh3 afforded
Cp(CO)Fe(PPh3)(Me). Reaction of the methyl iron complex with HGeR3 (R = Et, nBu, Ph)
produced Cp(CO)Fe(PPh3)(GeR3) (R = Et: 1, nBu: 2, Ph: 3). All new complexes were fully
characterized using 1H, 13C{1H}, and 31P{1H}NMR measurements and elemental analyses.
Furthermore, the structure of 3 was determined using single crystal X-ray analysis.
Keywords Crystal structure; iron; hydrogermane; phosphine; photolysis
INTRODUCTION
Transition metal alkyl complexes have attracted considerable attention because they
are catalytic precursors or key intermediates in many catalytic reactions.1 Recently, we
reported that a methyl iron complex, Cp(CO)2Fe(Me), is an effective catalytic precursor for
the C–CN bond cleavage of organonitriles,2 the N–CN bond cleavage of cyanamides,3 and
the dehydrogenative Si–O–Si bond formation of various tertiary silanes in DMF.4 On the
other hand, phosphine ligands have played indispensable roles in transition metal catalysis
for organic syntheses.5 We believe that synthesis and reactivity of iron complexes having
both methyl and phosphine ligands are important. Si and Ge atoms are situated below
the C atom in the periodic table. Although a large number of silyliron complexes having
a phosphine ligand have been reported, examples of germyl analogues were rare. Very
recently, we found a metathesis reaction between Mo–Me and R3Ge–H bonds affording
Mo–Ge and Me–H bonds.6 These results led us to examine the possibility of Fe–Ge bond
formation through demethanation of an Fe–Me complex with a Ge–H compound. We here
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report the synthesis of a methyl iron complex having a triphenylphosphine ligand and
reaction of Cp(CO)Fe(PPh3)(Me) with R3GeH.
RESULTS AND DISCUSSION
Two synthetic routes of methyl(phosphine)iron complex, Cp(CO)Fe(PPh3)(Me),
have been reported: the reaction of Cp(CO)2Fe(Me) with PPh3 in petroleum ether
at 90–100◦C under photo-irradiation for 20 h [Equation (1)] 7a and the reduction of
Cp(CO)Fe(PPh3)(CH2Cl), prepared from Cp(CO)2Fe(CH2Cl) with PPh3, by NaBH4 [Equa-
tion (2)].7b The method shown in Eq. (2) has several steps. In contrast, the method shown
in Eq. (1) consists of one step, but it has some disadvantages, namely its low yield (less
than 30%) caused by some byproduct formation. One of the byproducts is an acyl complex,
because it is well known that a migratory insertion of a CO ligand in a methyl iron complex
having carbonyl ligands takes place at 40◦C or more.8 If CO/PPh3 substitution proceeds at
lower temperature than 40◦C in the reaction of Cp(CO)2Fe(Me) with PPh3, formation of
byproducts such as Cp(CO)Fe(PPh3){C(O)Me} is expected to be suppressed.
hν, 90-100 ºC FeC
PPh3
MeOFeC
C
MeO
O
PPh3
(1)
in petroleum ether < 30%
FeC
PPh3
CH2ClOFeC
C
CH2ClO
O
PPh3 NaBH4
FeC
PPh3
MeO
(2)
We examined a photoreaction of Cp(CO)2Fe(Me) with PPh3 at a 1:1 molar ratio in
toluene in place of petroleum ether because these reactants are soluble in toluene even
at low temperature. The photoreaction at 5◦C for 12 h afforded a methyl(phosphine)iron
complex, Cp(CO)Fe(PPh3)(Me), as an orange powder in excellent yield [Equation (3)].
hν, 5 ºC FeC
PPh3
MeOFeC
C
MeO
O
PPh3
99%
(3)
in toluene
To obtain an iron complex having both germyl and phosphine ligands, a few
synthetic routes have been reported. A typical one is a reaction of a phosphine lig-
and with a (germyl)iron complex, prepared from halogermane XGeR3 and an alkali
metal anionic species M[(C5R′5)(CO)2Fe] (M = Na, K etc.; R′ = Me, H etc.).9 In
this article, we report a new route, demethanative Fe–Ge bond formation. Reaction of
Cp(CO)Fe(PPh3)(Me) with a three-fold molar excess of tertiary germane HGeR3 (R = Et,
nBu) at 80◦C for 2 h in toluene solution afforded a corresponding germyl(phosphine)iron
complex Cp(CO)Fe(PPh3)(GeR3) (R = Et: 1, nBu: 2) in high yield. A germyl complex
Cp(CO)Fe(PPh3)(GePh3) 3 was also synthesized in the reaction of Cp(CO)Fe(PPh3)(Me)
with HGePh3 in ca. 1:1 molar ratio at 80◦C for 6 h [Equation (4)]. The 31P{1H} NMR
spectra of 1–3 show singlets at δ 79.43, 79.43, and 73.64, respectively. In the IR spectra,
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Table I Crystal data and experimental parameters used for intensity data collection
of 3: Procedures and final results of the structure determination
Empirical formula C42H35OPGeFe 3
Formula weight 715.11
T (K) 100(1)
Crystal system Triclinic
Space group P-1
a (Å) 12.6774(6)
b (Å) 14.1854(7)
c (Å) 18.8052(13)
α (◦) 88.158(8)
β (◦) 88.144(8)
γ (◦) 76.771(7)
Volume (Å3) 3289.3(3)
Z 4
ρcalcd (mg m−3) 1.444
µ (cm−1) 1.437
F(000) 1472
Crystal size (mm3) 0.15 × 0.15 × 0.08
Reflections collected 25407
Independent reflections (R(int)) 14184 (0.0355)
R1 (I > 2σ (I)) 0.0685
wR2 0.1144
Goodness of fit 1.224
1–3 exhibit one absorption assignable to CO stretching at 1900 cm−1 for 1, 1902 cm−1
for 2, and 1900 cm−1 for 3. The value for 1 (1900 cm−1) is slightly lower than that for
the corresponding silyl complex, Cp(CO)Fe(PPh3)(SiEt3) (1907 cm−1),10 indication that a
germyl group has a more electron-donating character than a silyl group.
FeC
Ph3P
MeO FeC GeR3O
PPh3
R3GeH
(4)R = Et:nBu: 2,
Ph: 3,
90%
72%
89%
1,
80 ºC
Table II Selected bond lengths (Å) and bond angles (◦) for 3
Fe1–C1 2.109(4) Fe2–C43 2.102(4)
Fe1–C2 2.099(4) Fe2–C44 2.094(4)
Fe1–C3 2.106(4) Fe2–C45 2.113(4)
Fe1–C4 2.115(4) Fe2–C46 2.109(4)
Fe1–C5 2.114(4) Fe2–C47 2.112(4)
Fe1–C6 1.733(5) Fe2–C48 1.737(4)
Fe1–Ge1a(P1b) 2.3848(11) Fe2–Ge2a(P2b) 2.3778(9)
Fe1–P1a(Ge1b) 2.205(3) Fe2–P2a(Ge2b) 2.210(3)
C6–O1 1.162(5) C48–O2 1.162(5)
C6–Fe1–Ge1a(P1b) 87.82(14) C48–Fe2–Ge2a(P2b) 84.05(14)
C6–Fe1–P1a(Ge1b) 92.26(17) C48–Fe2–P2a(Ge2b) 96.13(15)
P1a(Ge1b)–Fe1–Ge1a(P1b) 100.31(9) P2a(Ge2b)–Fe2–Ge2a(P2b) 103.08(8)
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Figure 1 ORTEP drawing of Fe1 molecule of 3 at the 50% ellipsoidal level. Hydrogen atoms are omitted for
simplicity.
Single crystals of 3 were obtained by solvent diffusion at room temperature over
a few days from a dichloromethane layer containing 3 and an overlayer of hexane. The
molecular structure of 3 was determined by single crystal X-ray analysis. Crystal data and
the selected bond lengths and angles are listed in Tables I and II. Two independent molecules
were crystallized in the unsymmetric unit. The ORTEP drawings of 3 are depicted in Figure
1 for the Fe1 molecule and Figure 2 for the Fe2 molecule. The Fe has a three-legged, piano-
stool geometry bearing C5H5 in η5-fashion, a terminal CO ligand, a PPh3 ligand, and a
Figure 2 ORTEP drawing of Fe2 molecule of 3 at the 50% ellipsoidal level. Hydrogen atoms are omitted for
simplicity.
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GePh3 ligand. Although silyl analogues of 3 have been reported, the X-ray structure of 3
is the first example of a germyl iron complex having a phosphine ligand. The Fe–C bond
distances for 3 [1.733(5), 1.737(4) Å for carbonyl and 2.094(4)–2.115(4) Å for Cp ligand]
are similar to those for the silyl analogue.11
The formation mechanism of Cp(CO)Fe(PPh3)(GeR3) is exhibited in Scheme 1. A
PPh3 ligand in Cp(CO)Fe(PPh3)(Me) is released to give Cp(CO)Fe(Me). The oxidative ad-
dition of an H–Ge bond to the 16e Fe complex yields Cp(CO)Fe(H)(GeR3)(Me). Reductive
elimination of CH4 gives Cp(CO)Fe(GeR3), and the re-coordination of the PPh3 ligand
affords the desired germyl(phosphine)iron complex.
FeC
PPh3
MeO
FeC MeO
PPh3
R3GeH
FeC MeO
HR3Ge
FeC GeR3OCH4
FeC GeR3O
PPh3
PPh3
Scheme 1
CONCLUSIONS
We established a convenient synthetic route to obtain a methyl(phosphine)iron
complex, Cp(CO)Fe(PPh3)(Me). We also presented the reaction of Cp(CO)Fe(PPh3)(Me)
with tertiary germane HGeR3 (R = Et, nBu, Ph), which affords a corresponding
germyl(phosphine)iron complex Cp(CO)Fe(PPh3)(GeR3).
EXPERIMENTAL
All manipulations were carried out using standard Schlenk techniques under a nitro-
gen atmosphere. A methyl iron complex, Cp(CO)2Fe(Me), was prepared according to the
methods in the literature.12 The other chemicals were purchased. All solvents were distilled
from appropriate drying agents under dry nitrogen prior to use. NMR spectra (1H, 13C, 31P)
were measured on JEOL JNM-AL400 spectrometer at 25◦C. 1H and 13C{1H} NMR data
were referred to the residual peaks of the solvent. Peak positions of 31P{1H} NMR spectra
were referenced to external 85% H3PO4. IR spectra were recorded on a Perkin Elmer FTIR-
Spectrum one. Photo-irradiation was performed with a 400 W medium-pressure mercury
arc lamp at 5◦C.
Preparation of Cp(CO)Fe(PPh3)(Me)
A toluene solution (10 mL) containing Cp(CO)2Fe(Me) (192 mg, 1.00 mmol) and
PPh3 (262 mg, 1.00 mmol) was stirred at 5◦C under photo-irradiation. After 12 h, remov-
ing volatile materials under reduced pressure led to the formation of an orange solid of
Cp(CO)Fe(PPh3)(Me) (421 mg, 0.99 mmol, 99%). The spectral data agreed with those of
the literature.7b
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Preparation of Cp(CO)Fe(PPh3)(GeEt3) (1)
A toluene solution (10 mL) containing Cp(CO)Fe(PPh3)(Me) (133 mg, 0.31 mmol)
and Et3GeH (154 µL, 0.95 mmol) was stirred at 80◦C. After 2 h, removing volatile materials
under reduced pressure led to the formation of an orange solid, which was washed with
hexane, collected by filtration, and dried in vacuo to give an orange powder of 1 (161 mg,
0.28 mmol, 90%). NMR spectroscopic analysis: 1H NMR (400 MHz, C6D6, δ, ppm): 0.81
(m, 3H, one of CH2), 1.07 (m, 3H, one of CH2), 1.28 (t, JHH = 7.8 Hz, 9H, CH3), 4.15 (s,
5H, Cp), 7.00 (m, 9H, Ph), 7.60 (m, 6H, Ph); 13C{1H} NMR (100.4 MHz, C6D6, δ, ppm):
11.60 (s, CH2), 12.53 (s, CH3), 82.44 (s, Cp), 129.40 (s, Ph), 133.69 (d, JPC = 10.0 Hz,
Ph), 139.22 (d, JPC = 1.7 Hz, Ph), 139.62 (d, JPC = 1.7 Hz, Ph), 221.25 (d, JPC = 30.7 Hz,
CO); 31P{1H} NMR (162 MHz, C6D6, δ, ppm): 79.43 (s). Anal. Calc. for C30H35OPGeFe:
C, 63.10; H, 6.18%. Found: C, 62.96; H, 6.20%. IR (cm−1, KBr): ν(CO) 1900.
Preparation of Cp(CO)Fe(PPh3)(GenBu3) (2)
In a procedure analogous to that outlined above, Cp(CO)Fe(PPh3)(Me) (54 mg, 0.13
mmol) and nBu3GeH (95 µL, 0.37 mmol) gave an orange powder of 2 (60 mg, 0.09 mmol,
72%). NMR spectroscopic analysis: 1H NMR (400 MHz, C6D6, δ, ppm): 0.81 (dt, JHH =
4.9, 12.7 Hz, 3H, one of CH2), 1.03 (t, 9H, JHH = 7.3 Hz, CH3), 1.09 (dt, JHH = 4.9, 12.7
Hz, 3H, one of CH2), 1.46 (m, 6H, CH2), 1.64 (m, 6H, CH2), 4.19 (s, 5H, Cp), 7.04 (m, 9H,
Ph), 7.62 (m, 6H, Ph); 13C{1H} NMR (100.4 MHz, C6D6, δ, ppm): 14.47 (s, Bu), 21.10
(s, Bu), 27.86 (s, Bu), 29.92 (s, Bu), 82.49 (s, Cp), 129.41 (s, Ph), 133.71 (d, JPC = 10.0
Hz, Ph), 139.27 (s, Ph), 139.67 (s, Ph), 221.20 (d, JPC = 29.9 Hz, CO); 31P{1H} NMR
(162 MHz, C6D6, δ, ppm): 79.43 (s). Anal. Calc. for C36H47OPGeFe: C, 65.99; H, 7.23%.
Found: C, 66.05; H, 7.14%. IR (cm−1, KBr): ν(CO) 1902.
Preparation of Cp(CO)Fe(PPh3)(GePh3) (3)
In a procedure analogous to that outlined above, Cp(CO)Fe(PPh3)(Me) (148 mg,
0.35 mmol) and Ph3GeH (95 mg, 0.31 mmol) at 80◦C for 6 h gave an orange powder of 3
(204 mg, 0.28 mmol, 89%). Orange crystals of complex 3 suitable for an X-ray diffraction
study were obtained by CH2Cl2/hexane solution at room temperature for a few days. NMR
spectroscopic analysis: 1H NMR (400 MHz, C6D6, δ, ppm): 4.18 (s, 5H, Cp), 6.85 (m, 6H,
Ph), 6.89 (m, 3H, Ph), 7.11 (m, 9H, Ph), 7.28 (m, 6H, Ph), 7.66 (m, 6H, Ph); 13C{1H} NMR
(100.4 MHz, C6D6, δ, ppm): 84.00 (s, Cp), 127.00 (s, Ph), 127.70 (s, Ph), 129.46 (d, JPC =
1.7 Hz, Ph), 133.54 (d, JPC = 10.0 Hz, Ph), 136.02 (s, Ph), 137.51 (s, Ph), 137.92 (s, Ph),
148.88 (s, Ph), 221.82 (d, JPC = 29.9 Hz, CO); 31P{1H} NMR (162 MHz, C6D6, δ, ppm):
73.64 (s). Anal. Calc. for C42H35OPGeFe: C, 70.53; H, 4.93%. Found: C, 70.12; H, 4.85%.
IR (cm−1, KBr): ν(CO) 1900.
Investigation Technique: X-Ray Diffraction
X-ray intensity data were collected at –173(1)◦C on a Rigaku/MSC Mercury CCD
diffractometer with graphite monochromated Mo-Kα radiation. Calculations were per-
formed with the CrystalClear software package of Molecular Structure Corporation. The
structures were solved by direct methods SIR9713 and expanded using Fourier tech-
niques. The structures were refined by full matrix least-squares technique using the pro-
gram SHELXL-97.14 Non-hydrogen atoms, except the Ge and P atoms, were refined
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anisotropically. The positions of Ge and P atoms were refined as a disordered model
with these atoms, each having about 0.85:0.15 occupancy. The hydrogen atoms were
included in fixed positions. Crystallographic data for the structures reported in this ar-
ticle have been deposited at the Cambridge Crystallographic Data Centre and allocated
the deposition numbers CCDC 710102. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Tel.; +44 1223 336408; Fax: +44 1223
336033; E-mail: deposit@ccdc.cam.ac.uk).
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Syntheses and Ligand Exchange Reaction of Iron(IV) Complexes with
Two Different Group 14 Element Ligands, Cp(CO)FeH(EEt3)(E
0Et3)
(E, E0 = Si, Ge, Sn)
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Summary: Iron(IV) complexes with two different group
14 element ligands, Cp(CO)FeH(EEt3)(E
0Et3) (E, E0 =
Si, Ge, Sn), were synthesized in the reaction of Cp(CO)Fe
(EEt3)(py) with Et3E
0H through an appropriate selection of
E andE0. Systematic ligand exchange experiments of the group
14 element ligand revealed that the reductive elimination of
silyl and hydrido ligands occurs more readily than that of
germyl and hydrido ligands, and the Fe-Sn bond was not
converted into an Fe-Si or Fe-Ge bond at 60 C for 24 h.
Transition-metal complexes with two group 14 element
ligands, especially for nickel triads, have attracted consider-
able attention, because these complexes are considered to be
key intermediates in the catalytic addition of E-E0 bonds
(E, E0 =Si,Ge, Sn) to unsaturated organicmolecules.1,2With
iron complexes, several compounds with two group 14 ele-
ment ligands have been reported, but most of them have the
same group 14 element ligands. Very recently, we found
that an iron(IV) complex with two silyl ligands, Cp(CO)-
FeH(SiR3)2 (Cp stands for η
5-C5H5), exhibits reductive
elimination of the two silyl groups in DMF and created a
new catalytic system for dehydrogenative Si-Si bond cou-
pling of tertiary silanes promoted by Cp(CO)2FeMe.
3 These
findings stimulated us to prepare iron complexes with two
different group 14 element ligands, because such complexes
are quite limited and have the possibility of constructing an
E-E0 bond.4 Several examples of (C5R5)(CO)FeH(ER3)2 type
complexes have been reported (E = Si,5,6 Sn5a,7), whereas
only one Cp(CO)FeH(ER3)(E
0R03) type complex has been
reported. In 1994, Gordon and Schubert isolated Cp(CO)-
FeH(SiPh3)(SnPh3) in the reaction of Cp(CO)2Fe(SnPh3)
with Ph3SiH under photolysis.
8 However, this method has
not been applied for other substrates such as Ph2MeSiH and
Ph2SiH2 because of very low yield (less than 4%) and
Cp(CO)2Fe(SnPh3) contamination. Since then, the syntheses
and reactivity of such complexes have not been developedwell
to date. Very recently, we found that the reaction of a silyl
(pyridine)iron complex, Cp(CO)Fe(SiEt3)(py), with R3SiH
afforded bis(silyl)hydridoiron(IV) complexes, including un-
precedented complexes with two different silyl groups.3
Therefore, we thought that the extension of this method
would afford iron(IV) complexes with two different group
14 element ligands. We herein report the isolation and ligand
exchange reaction of the hydridoiron(IV) complex with two
different group 14 element ligands.
Reaction of Cp(CO)2Fe(GeEt3) (1) with pyridine under
photoirradiation generated a corresponding germyl(pyridine)
complex, Cp(CO)Fe(GeEt3)(py) (2), in 97% yield (Scheme 1).
The structure of 2 was confirmed by single-crystal X-ray
diffraction analysis (see Figure 1) and was found to be similar
to those of previously reported iron pyridine complexeswith a
*To whom correspondence should be addressed. E-mail: nakazawa@
sci.osaka-cu.ac.jp.
(1) For reviews, see: (a) Beletskaya, I.; Moberg, C.Chem. Rev. 1999,
99, 3435. (b) Suginome, M.; Ito, Y. Chem. Rev. 2000, 100, 3221.
(c) Sharma, H. K.; Pannell, K. H. Chem. Rev. 1995, 95, 1351.
(d) Schubert, U. Angew. Chem., Int. Ed. 1994, 33, 419. (e) Recatto,
C.A.Aldrichim.Acta 1995, 28, 85. (f )Corey, J.Y.; Braddock-Wilking, J.
Chem. Rev. 1999, 99, 175. (g) Lin, Z. Chem. Soc. Rev. 2002, 31, 239.
(2) For catalytic addition of germylstannanes to alkynes, see:
(a) Piers, E.; Skerlj, R. T. J. Chem. Soc., Chem. Commun. 1987, 1025.
(b) Mitchell, T. N.; Schneider, U.; Frohling, B. J. Organomet. Chem.
1990, 384, C53. (c) Nakano, T.; Senda, Y.; Miyamoto, T. Chem. Lett.
2000, 1408. (d) Senda, Y.; Oguchi, Y.-i.; Terayama, M.; Asai, T.;
Nakano, T.;Migita, T. J. Organomet. Chem. 2001, 622, 302. (e)Nakano,
T.; Senda, Y.; Fukaya, K.; Sugiuchi, N.; Ni-imi, S.; Takahashi, Y.;
Kurihara, H. Appl. Organomet. Chem. 2005, 19, 563.
(3) Itazaki, M.; Ueda, K.; Nakazawa, H. Angew. Chem., Int. Ed.
2009, 48, 3313.
(4) (a) Koe, J. R.; Tobita, H.; Ogino, H. Organometallics 1992, 11,
2479. (b) Braunstein, P.; Veith, M.; Blin, J.; Huch, V. Organometallics
2001, 20, 627. (c) Braunstein, P.; Morise, X. Organometallics 1998, 17,
540. (d) Braunstein, P.; Charles, C.; Tiripicchio, A.; Ugozzoli, F.
J. Chem. Soc., Dalton Trans. 1996, 4365. (e) Braunstein, P.; Knorr,
M.; Strampfer, M.; Tiripicchio, A.; Ugozzoli, F. Organometallics 1994,
13, 3038. (f ) Reinhard, G.; Hirle, B.; Schubert, U. J. Organomet. Chem.
1992, 427, 173. (g) Knorr, M.; Piana, H.; Gilbert, S.; Schubert, U.
J.Organomet. Chem. 1990, 388, 327. (h) Schubert,U.;Gilbert, S.;Knorr,
M. J. Organomet. Chem. 1993, 454, 79. (i) Knorr, M.; Schubert, U.
J. Organomet. Chem. 1989, 365, 151. ( j) Knorr,M.;M
::
uller, J.; Schubert,
U. Chem. Ber. 1987, 120, 879. (k) Graham, W. A. G.; Jetz, W. Inorg.
Chem. 1971, 10, 1647.
(5) (a) Akita, M.; Oku, T.; Tanaka, M.; Moro-oka, Y. Organome-
tallics 1991, 10, 3080. (b) Jetz,W.; Graham,W. A. G. J. Am. Chem. Soc.
1969, 91, 3375. (c) Jetz, W.; Graham,W. A. G. Inorg. Chem. 1971, 10, 4.
(d) Jetz, W.; Graham, W. A. G. Inorg. Chem. 1971, 10, 1159.
(e) Manojlovic-Muir, L.; Muir, K. W.; Ibers, J. A. Inorg. Chem. 1970,
9, 447. (f ) Smith, R. A.; Bennet, M. J.Acta Crystallogr. 1977, 833, 1118.
(g) Brunner, H.; Fisch, K. J. Organomet. Chem. 1991, 412, C11.
(h)Ueno,K.; Seki, S.; Ogino,H.Chem. Lett. 1993, 12, 2159. (i) Kawano,
Y.; Tobita, H.; Ogino, H. J. Organomet. Chem. 1992, 428, 125.
( j) Randolph, C. L.; Wrighton, M. S. J. Am. Chem. Soc. 1986, 108,
3366. (k) Ueno, K.; Tobita, H.; Seki, S.; Ogino, H. Chem. Lett. 1993,
1723. (l) Sato, T.; Tobita, H.; Ogino, H. Chem. Lett. 2001, 30, 854.
(6) For a theoretical study, see: Vyboishchikov, S. F.; Nikonov, G. I.
Chem. Eur. J. 2006, 12, 8518.
(7) (a) Akita, M.; Oku, T.; Moro-oka, Y. J. Chem. Soc., Chem.
Commun. 1989, 1790. (b) Zhang, S.; Brown, T. L. Organometallics
1992, 11, 2122. (c) Sharma, H. K.; Pannell, K. H. Organometallics
2001, 20, 7.
(8) Gordon, C.; Schubert, U. Inorg. Chim. Acta 1994, 224, 177.
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silyl or stannyl ligand, (C5R5)(CO)Fe(py)(ER
0
3) (E = Si,
9
Sn10). Reaction of 2 with Et3SiH at room tempera-
ture afforded the silylgermylhydridoiron(IV) complex
Cp(CO)FeH(SiEt3)(GeEt3) (3) in 64% yield (Scheme 1).
In a similarway, the stannyl(pyridine)iron complexCp(CO)-
Fe(SnEt3)(py)
10 reactedwith an excess amount ofR3EH (E=
Si, Ge, Sn) at room temperature in benzene to give the
corresponding iron(IV) complexes, Cp(CO)FeH(SnEt3)-
(EEt3) (E = Si (4), Ge (5), Sn (6)), in good to high yields
(Scheme 2). Bis(stannyl)iron complexes, Cp(CO)FeH(SnR3)2
(R=Me, nBu, Ph), which are similar to 6, have been reported
previously.5a,7
The molecular structures of 3 and 5 were determined by
X-ray analyses and are depicted in Figures 2 and 3 with the
atomic numbering schemes, respectively. TheFe(IV) center has
a four-legged piano-stool geometry having C5H5 coordinated
in an η5 fashion, one terminal CO ligand, one hydrido ligand,
one triethylgermyl ligand, and one Et3E ligand (E= Si (3), Sn
(5)). The two group 14 element ligands were situated trans to
each other, but the positions were disordered with 0.5 occu-
pancy. Only three crystal structures of transition metals
with two different group 14 element ligands have been re-
ported: Cp2W(SiR3)(GeR3),
11 Cp2W(GeR3)(SnR3),
12b and
(phosphine)2Pt(GeR3)(SnR3).
12a Complexes 3 and 5 are the
first examples of iron complexes.
Next, we examined the reactivity of the iron complexes
bearing two different group 14 element ligands and focused
here on a ligand exchange reaction of 3-5 and a distannyl
complex 6. Treatment of 3 with a 10-fold molar excess of
Et3SnH for 5 min at 60 C produced the germylstannyl
complex 5 by the selective exchange of the Et3Si group for
the Et3Sn group (96% NMR yield). The results show that
reductive elimination of hydrosilane from 3 occurs more
readily than that of hydrogermane. After 6 h, the exchange
of the Et3Ge group for the Et3Sn groupwas completed to give
the bis(stannyl)iron complex 6 (91%NMR yield) (eq 1). The
isolated germylstannyl complex 5 was confirmed to be con-
verted into 6 in the reaction with a 10-fold molar excess of
HSnEt3 for 6 h at 60 C(99%NMRyield) (eq 2).AlthoughSi/
Sn exchange reactions on anFe center have been reported,7c,13
this is the first example of Ge/Sn exchange on a transition
metal other than Pt.14
A plausible mechanism of the ligand exchange reaction is
depicted in Scheme 3.Reductive elimination of Et3SiH from 3
occurs selectively to give the 16e species Cp(CO)Fe(GeEt3)
(A). The oxidative addition of an H-Sn bond to A yields
Figure 1. ORTEP drawing of 2 with ellipsoids at the 50%
probability level. The hydrogen atoms are omitted for simplicity.
Selected bond distances (A˚) and angles (deg): Fe1-Ge1, 2.4055(11);
Fe1-C11, 1.715(6); Fe1-N1, 1.989(4); Ge1-Fe1-N1, 92.20(13);
Ge1-Fe1-C11, 83.62(19); C11-Fe1-N1, 96.8(2).
Scheme 1. Synthesis of Cp(CO)FeH(SiEt3)(GeEt3) (3)
Scheme 2. Synthesis of Cp(CO)FeH(SnEt3)(EEt3) (E =
Si, Ge, Sn)
Figure 2. ORTEP drawing of 3 with ellipsoids at the 50%
probability level. Hydrogen atoms, except for the hydrido ligand,
are omitted for simplicity. Selected bond distances (A˚) and
angle (deg) for 3: Fe1-Si1/Ge1, 2.3966(8); Fe1-Ge1/Si1,
2.3795(8); Fe1-C6, 1.726(3); Fe1-H1, 1.43(5), Si1-Fe1-Ge1,
114.10(3).
(9) (a) Itazaki, M.; Ueda, K.; Nakazawa, H. Acta Crystallogr. 2007,
E63, m1312. (b) Iwata, M.; Okazaki, M.; Tobita, T. Chem. Commun.
2003, 2744. (c)Nakazawa, H.; Itazaki,M.;Kamata,K.; Ueda,K.Chem.
Asian J. 2007, 2, 882.
(10) Itazaki, M.; Kamitani, M.; Nakazawa, H. Acta Crystallogr.
2008, E64, m1578.
(11) Figge, L. K.; Carroll, P. J.; Berry, D. H. Organometallics 1996,
15, 209.
(12) (a) Sagawa, T.; Tanaka, R.; Ozawa, F. Bull. Chem. Soc. Jpn.
2004, 77, 1287. (b) Khalimon, A. Y.; Dorogov, K. Y.; Churakov, A. V.;
Kuzmina, L. G.; Lemenovskii, D. A.; Howard, J. A. K.; Nikonov, G. I.
Dalton Trans. 2007, 2440.
(13) Braunstein, P.; Charles, C.; Adams, R. D. C. R. Chim. 2005, 8,
1873.
(14) Clemmit, A. F.; Glockling, F. J. Chem. Soc. D 1970, 705.
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Cp(CO)FeH(GeEt3)(SnEt3) (5). Next, reductive elimination
of Et3GeH from 5 selectively takes place to give B, which
reacts with Et3SnH to give 6. Each step may be reversible to
some extent.
We also examined the reactivity of stannyl complexes 4 and
6. Reactions of silylstannyl complex 4 with a 10-fold molar
excess of Et3GeH and Et3SnH in C6D6 solution at 60 C
afforded the corresponding complexes 5 and 6by the exclusive
exchange of the Et3Si group for the Et3E
0 (E0 =Ge, Sn) group
in exellent yields (eqs 3 and 4). A solution of the bis(stannyl)
complex 6 and a 10-foldmolar excess of Et3E
0H (E0 =Si, Ge)
was heated at 60 C for 24 h, but the ligand exchange reaction
of theEt3Sn ligand for theEt3E
0 groupwas not observed (eq 5).
These results show that the elimination of HEEt3 from the Fe
(IV) center takes place more readily in the order Et3SiH >
Et3GeH.Et3SnH.To explain this order thermodynamically,
we checked the bond energies of both Fe-E and H-E. The
bond energies of Fe-E for Fe(IV) complexes have not been
reported. However, Pannell reported that the bond strengths
are in the order Fe-Si > Fe-Ge for Fe(II) complexes,15 and
Koga reported that the bond energy of Fe-Si is 41.7 kcal/mol
and that of Fe-Sn is 36.3 kcal/mol for Fe(II) complexes.16 If
the same trend is applicable toFe(IV) complexes, the Fe(IV)-
Si bond would be stronger than the Fe(IV)-Sn bond, being
inconsistentwith the order shownabove.With regard toE-H
bond energy, H3Si-H(88.5 kcal/mol) is stronger thanH3Ge-H
(81.9 kcal/mol), which in turn is stronger than H3Sn-H
(75.4 kcal/mol).17 This order is consistent with the order
shown above. The E-H bond energy seems to be predomi-
nant rather than the Fe-E bond energy, but the activation
energies for the elimination of HEEt3 from the Fe(IV) center
are also important points. The activation energies have not
been reported to date.
Photoreactions of iron complexes bearing two different
group 14 element ligands in DMF is expected to form
compounds with a bond between different group 14 elements,
becausewe found that the bis(silyl)iron complexCp(CO)FeH-
(SiMe2Ph)2 afforded the corresponding disilane under photo-
irradiation in DMF.3 The irradiation of 3 with a 400 W
medium-pressure mercury arc lamp for 3 h, however, did
not afford the expected coupling compound with an Si-Ge
bond, although a trace amount of Et3Si-SiEt3 was detected.
Similarly, Si-Sn bond formation from 4 and Ge-Sn bond
formation from 5 were not observed. The details will be
reported elsewhere.
In summary, unprecedented hydridoiron(IV) complexes
with two different group 14 element ligands, Cp(CO)Fe(H)-
(EEt3)(E
0Et3), were isolated and characterized. The reaction
of these complexes with Et3E
0H revealed the tendency of
reductive elimination of Et3EH from the central iron.
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Figure 3. ORTEP drawing of 5 with ellipsoids at the 50%
probability level. Hydrogen atoms, except for the hydrido ligand,
are omitted for simplicity. Selected bond distances (A˚) and angle
(deg) for 5: Fe1-Ge1/Sn1, 2.495(2); Fe1-Sn1/Ge1, 2.5135(19);
Fe1-C6, 1.731(11); Fe1-H1F, 1.54(13),Ge1-Fe1-Sn1, 115.06(7).
Scheme 3. Plausible Mechanism of the Ligand Exchange
Reaction
(15) Guerrero, A.; Cervantes, J.; Velasco, L.; Gomez-Lara, J.; Sharma,
S.; Delgado, E.; Pannell, K. J. Organomet. Chem. 1994, 464, 47.
(16) Suresh, C. H.; Koga, N. Organometallics 2001, 20, 4333. (17) Basch, H. Inorg. Chim. Acta 1996, 252, 265.
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Trans-selective hydrogermylation of alkynes promoted by methyliron and
bis(germyl)hydridoiron complexes as a catalyst precursorw
Masumi Itazaki, Masahiro Kamitani and Hiroshi Nakazawa*
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Catalytic trans-selective hydrogermylation of terminal and internal
alkynes was attained by a methyliron complex, CpFe(CO)2(Me),
and a bis(germyl)hydridoiron(IV) complex as a catalyst precursor.
The structures of (Z)-triphenyl-(2-phenylethenyl)germane and the
bis(germyl)hydridoiron(IV) complexes CpFe(CO)(H)(GeR3)2 (R=
Et, Ph) were confirmed by single crystal X-ray diffraction studies.
Hydrometalation of alkynes is well-established because vinyl-
metals thus obtained are useful products for the synthetic
intermediates in organic chemistry.1 Especially, organic
germanium compounds have attracted considerable attention as
alternatives to harmful organic tin compounds.2 One of the
synthetic routes to vinylgermanes is a hydrogermylation reaction
of alkynes catalyzed by a transition-metal complex.3,4 However,
regio- and stereo-selectivities of such reactions are not enough.
Trans-selective radical hydrogermylation of alkynes has been
achieved by Oshima’s group,5a and Lucarini’s group5b though
only a few examples of the hydrogermylation of alkynes were
shown in these methods. In 2005, Gevorgyan and Schwier
reported that B(C6F5)3 exhibits catalytic activity for hydro-
germylation reaction with trans-addition for simple alkynes and
cis-addition for propiolate.6 However the drawback of the catalyst
is that it is moisture sensitive and expensive. Very recently
Murakami’s group reported the trans-selective hydrogermylation
of Et3GeHwith 4-octyne catalyzed by a ruthenium complex.
7We
have reported that a methyliron complex CpFe(CO)2(Me)
(Cp = Z5-cyclopentadienyl), which is relatively air-stable,
is an effective catalyst precursor for the C–CN bond cleavage
of organonitriles8a–c and for the N–CN bond cleavage of
cyanamides.9 In addition, we found a metathesis reaction between
Fe–Me and R3Ge–H bonds affording Fe–GeR3 and Me–H
bonds.10 Creation of catalytic activity of iron complexes instead
of rare and expensive metal complexes is important because iron
is an inexpensive, a ubiquitous, and an environmentally friendly
transition metal. However, the examples of homogeneous iron
catalyst for hydrometalation of unsaturated hydrocarbons are
quite limited to date.11 We here report the first trans-selective
hydrogermylation of alkynes catalyzed by an iron complex. This
reaction shows perfect regio- and stereo-selectivity, providing the
corresponding (Z)-vinylgermanes.
The mixture of phenylacetylene (0.74 mmol, 82 mL), triethyl-
germane (0.89 mmol, 144 mL), and CpFe(CO)2(Me) (7 mol%,
0.05 mmol, 10 mg) was stirred at 80 1C in a nitrogen atmosphere.
After workup, (Z)-triethyl(2-phenylethenyl)-germane 1a was
isolated in 78% yield based on phenylacetylene (Table 1,
entry 1). The corresponding E-isomer was not observed in the
1H NMR spectrum. Table 1 presents the results of hydrogermyl-
ation of several alkynes. The reactions of phenylacetylene with
Ph3GeH and
nBu3GeH produced 1b and 1c in excellent yields
(entries 2 and 3). The yield for the p-F phenylacetylene is similar
to that for phenylacetylene (entry 4). The yields of hydro-
germylated products slightly decreased when phenylacetylenes
having the electron-releasing Me, OMe, NH2 groups in the para
position were used (entries 5–7). For alkyl-substituted alkynes,
1-octyne and cyclohexylacetylene reacted smoothly to give the
(Z)-vinylgermanes in excellent yields (entries 8 and 9).
Table 1 Fe-catalyzed hydrogermylation of alkynesa
Entry R1 R2 R3 Time/h Yieldb (%)
1 Et Ph H 18 78 1a
2c Ph Ph H 6 94 1b
3 nBu Ph H 15 95 1cd
4 nBu Ph-F-p H 18 93 1d
5 nBu Ph-Me-p H 15 74 1e
6 nBu Ph-OMe-p H 15 65 1f
7 nBu Ph-NH2-p H 15 64 1g
8 nBu Hex H 15 88 1h
9 nBu cHex H 15 499 1id
10 Et Ph Me 15 499 1j
11 nBu Ph Me 12 499 1k
12 Et Ph Ph 18 499 1l
13 nBu Ph Ph 12 499 1m
14 Et Pr Pr 6 43 1n
15 nBu Pr Pr 6 55 1o
16c Et COOMe COOMe 6 55 1p
17c nBu COOMe COOMe 12 64 1q
a Reaction conditions: CpFe(CO)2(Me) (7 mol%, 0.05 mmol), alkyne
(0.74 mmol), hydrogermane (0.89 mmol). b Isolated yield. c Using
10 mol% catalyst. d In this case the E-isomer was detected only in a
few percent yield.
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Osaka City University, 3-3-138 Sugimoto, Sumiyoshi-ku,
Osaka 558-8585, Japan. E-mail: nakazawa@sci.osaka-cu.ac.jp;
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w Electronic supplementary information (ESI) available. CCDC
815294–815296. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/c1cc12530c
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Compared with hydrogermylation of terminal alkynes,
examples of that of internal alkynes are quite rare.3i Our iron-
catalyzed system was found to be very effective even for internal
alkynes. The reactions of 1-phenyl-1-propyne and diphenyl-
acetylene with Et3GeH and
nBu3GeH proceeded to give the
corresponding trans-addition products in quantitative yields
(entries 10–13). 4-Octyne and dimethylacetylene-dicarboxylate
also could be converted into the desired product in moderate
yields (entries 14–17). This is, to the best of our knowledge, the
first example of trans-addition for the hydrogermylation of the
alkyne having the ester group(s) catalyzed by a transition-metal
complex. Gevorgyan and Schwier reported that Lewis acid
catalyzed hydrogermylation reactions exhibit trans-addition for
simple alkynes. However, cis-addition products are obtained by
using propiolate as an alkyne with the ester group in these
reactions.6
The molecular structure of 1b was determined using single
crystal X-ray diffraction (Fig. 1).z The CQC bond apparently
possesses a Z configuration. The CQC bond distance for 1b
(1.339(4), 1.335(4) A˚) is longer than that for a typical vinyllic
C(sp2)QC(sp2) bond (1.299 A˚)
12 and the CQC distance found in
C2H4 (1.3142(3) A˚).
13 However, this is quite similar to that
previously reported [(Z)-b-styrylgermatrane (1.336(4) A˚)].3j
A proposed catalytic cycle is shown in Scheme 1. A methyl
migration in the precursor forms acyl complex CpFe(CO)-
{C(QO)Me}, which reacts with R13GeH to give CpFe(CO)(H)-
{C(QO)Me}(GeR13). Reductive elimination of acetoaldehyde
produces CpFe(CO)(GeR13) (A). The generation of MeCHO
was confirmed by the 1H NMR spectrum. The alkyne coordinates
to the iron center of A in an Z2-fashion (A- B). This species B
undergoes an insertion of the coordinated acetylene into the
Fe–Ge bond (B- C). Then, vinyl isomerization13 (C- E) takes
place through intermediate D or D0. A similar isomerization
mechanism has been reported for hydrosilylation of alkynes.14
Oxidative addition of R13GeH toward the Fe center gives F. The
subsequent reductive elimination of the vinyl and the hydride
ligands from F yields the corresponding hydrogermylated product
and an intermediate A to complete the catalytic cycle. Although
the iron complex A is a very important intermediate in the
catalytic cycle, the complex is too reactive to be isolated due to
a 16e species. A 16e germyl complex A has a possibility to react
with R13GeH present in solution to give a bis(germyl)-
hydridoiron(IV) complex, CpFe(CO)(H)(GeR13)2, through Ge–H
oxidative addition. Previously, Akita and co-workers reported
that thermal reactions of an alkyl iron complex CpFe(CO)2-
(CH2CH2Ph) with R3EH (E = Si, Sn) afford hydridoiron(IV)
complexes having two group 14 element ligands, CpFe(CO)(H)-
(ER3)2.
15 Therefore, our next efforts were focused on the
isolation of a bis(germyl)hydridoiron complex, and we succeeded
in isolating bis(germyl)hydridoiron(IV) complex CpFe(CO)(H)-
(GeR3)2 (R = Et: 2, Ph: 3) in the reaction of R3GeH with
CpFe(CO)2(Me) in the 2 : 1 molar ratio at 60 1C for 12 h (eqn (1)).
ð1Þ
The molecular structures of 2 and 3 were determined by single
crystal X-ray diffraction studies.z Two independent molecules
crystallized in the unsymmetric unit. The ORTEP drawing of a
Fe1 molecule is shown in Fig. 2. The Fe center has a typical four-
legged piano-stool structure possessing two germyl ligands. The
Fe–Ge bond distances (2.4135(6)–2.4237(7) A˚ for 2 and
2.4102(13)–2.4275(13) A˚ for 3) are comparable with previously
reported analogous complexes, CpFe(CO)(H)(EEt3)(E
0Et3)
Fig. 1 ORTEP drawing of a Ge1 molecule of 1b with 50% thermal
ellipsoidal plots. Hydrogen atoms except vinyl protons were omitted
for simplicity.
Scheme 1 Proposed catalytic cycle.
Fig. 2 ORTEP drawings of Fe1 molecules of (a) 2 and (b) 3 with
50% thermal ellipsoidal plots. Hydrogen atoms except hydrido ligand
were omitted for simplicity.
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(E = E0 = Si,16a and E = Ge, E0 = Si, Sn),16b CpFe(CO)(H)-
(SnPh3)2.
15a To the best of our knowledge, this is the first report of
the X-ray structure of a mononuclear iron complex having two
germyl ligands.
We checked the catalytic activity of this bis(germyl)hydrido
ð2Þ
complex 2. Reaction of Et3GeH with phenylacetylene in the
presence of 10 mol% of 2 at 70 1C yielded the desired
(Z)-vinylgermane 1a in 83% yield (eqn (2)). It is considered
that complex 2 can readily create the active species
CpFe(CO)(GeEt3) A
0 by the reductive elimination of Et3GeH
in solution (eqn (3)).16b These results show that the
bis(germyl)hydridoiron(IV) complex 2 is the catalyst precursor
in our system. Stoichiometric reaction of 2 with phenylacetylene
was monitored by the 1H NMR spectra, but no signal
attributable to an intermediate was observed, though the
signals due to 1a were observed.
ð3Þ
Next, we investigated the hydrogermylation under the similar
conditions in entry 1 in Table 1 in the presence of TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl) as a radical scavenger
because trans-selective radical hydrogermylation of alkynes
with hydrogermane has been reported.5 The mixture of phenyl-
acetylene (1.00 mmol, 106 mL), triethylgermane (1.10 mmol,
188 L), TEMPO (0.10 mmol, 16 mg), and CpFe(CO)2(Me)
(7 mol%, 0.07 mmol, 13 mg) was stirred at 80 1C for 18 h in a
nitrogen atmosphere. After workup, (Z)-triethyl(2-phenyl-
ethenyl)germane 1a was isolated in 80% yield based on
phenylacetylene. The same results were obtained when the
reaction took place without TEMPO. These results suggest
that our reaction mechanism is not a radical process but an
iron-catalyzed process.
In summary, we found effectively trans-selective hydro-
germylation of alkynes catalyzed by an iron methyl complex.
This catalytic system is applicable not only for terminal
alkynes but also for internal alkynes and an alkyne having
the ester groups as well. The consideration of the catalytic
reaction pathway suggests that a germyliron complex is an
intermediate.
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ABSTRACT: A hydride and a silyl group of hydrosilane is
introduced into 1,3-divinyldisiloxane in the presence of a
catalytic amount of (η5-C5H5)Fe(CO)2Me. Instead of the
product expected from the well-known hydrosilylation
reaction, the product obtained is that characteristic of
dehydrogenative silylation at one vinyl group and
hydrogenation at the other vinyl group of 1,3-divinyldisi-
loxane. Based on deuterium labeling experiments, a
catalytic cycle for this new reaction has been proposed.
Organosilicon compounds are present in many widely usedproducts such as oil, grease, rubbers, cosmetics, medicinal
chemicals, etc. Because the above-mentioned are not naturally
occurring substances, the organosilicon compounds in them are
also manufactured artificially. The addition of the Si−H bond in
hydrosilane across a CC double bond or a CC triple bond
(hydrosilylation (HySi) reaction, Scheme 1) is a very
commercially useful reaction in yielding a Si−C bond. A
transition metal catalyst is required to drive this reaction.1
The use of many transition-metal-based catalysts has been
reported for the hydrosilylation of alkenes. However, the
hydrosilylation reaction is often accompanied by side reactions
such as dehydrogenative silylation (DHySi) and hydrogenation
(Hy) of alkenes (Scheme 1), in addition to isomerization,
oligomerization, polymerization of alkenes, and redistribution
of silicon hydride. Therefore, the discovery of new catalysts
with higher selectivity as well as activity is important. In
addition to hydrosilylation, the metal-catalyzed dehydrogen-
ative silylation of alkenes has emerged as a powerful method to
yield Si−C bonds.
Speier’s catalyst and Karstedt’s catalyst are known as very
powerful and commercially used catalysts. Both of these are Pt-
based complexes. Replacement of precious metal catalysts such
as these by broadly applicable metal catalysts is becoming
extremely important. Iron, for example, offers some advantages
from a green and sustainable viewpoint, because it is abundant
in nature and can be metabolized into nontoxic products.
Several iron complexes have been reported in the catalytic
hydrosilylation of CO bonds in aldehydes and ketones.2 In
contrast, the number of reports on the use of iron complexes
for catalyzing hydrosilane−alkene reactions is limited. In 1962,
Nesmeyanov et al. reported that Fe(CO)5 serves as a catalyst in
the reaction of R3SiH with alkenes to give a hydrosilylation
(HySi) product and a dehydrogenative silylation (DHySi)
product depending on the substrate and the reaction
conditions.3 Wrighton et al. examined the reaction of
Cp*Fe(CO)2R (Cp* = η
5-C5Me5, R = alkyl, silyl) with
hydrosilane and alkene and highlighted the implications of
inserting a CC double bond into an FeSi bond on the
mechanism of transition-metal-catalyzed hydrosilylation.4
Murai et al. reported that Fe3(CO)12 catalyzes dehydrogenative
silylation (DHySi) in the reaction of Et3SiH with styrene and
its derivatives, although it forms both a dehydrogenative
silylation (DHySi) and a hydrogenation (Hy) product in the
reaction of Et3SiH with 1-hexene.
5 Adams et al. reported that a
t r i n u c l e a r c om p l e x c o n t a i n i n g F e a n d P t ,
FePt2(CO)5(PPh3)2(PhC2Ph), shows activity in catalyzing the
hydrosilylation (HySi) of alkynes, but the role of Fe might be
unimportant in the catalytic system because its activity is much
less than that of Pt(PPh3)2(PhC2Ph).
6 Marciniec et al. showed
that the reaction of CpFe(CO)2(SiMe3) (Cp = η
5-C5H5) with
CH2CHR (R = SiMe3, Ph, H) gives dehydrogenative
silylation (DHySi) products but the iron complex does not
show catalytic activity.7 However, the Fe(CO)5 + Et3SiH
sy s t em ca t a l y ze s the reac t i on o f CH2CHSi -
Me2OSiMe2(CHCH2) with Et3SiH to give dehydrogenative
silylation (DHySi) and hydrogenation (Hy) products.7
Recently, Chirik et al. reported that bis(imino)pyridine iron
complexes perform as excellent catalysts for alkene hydro-
silylation reactions.8
We have been engaged in chemistry of iron complexes
having silyl ligand(s).9 While studying the catalytic property of
these iron complexes in the formation of a Si−C bond, we
found that CpFe(CO)2Me shows unprecedented catalytic
activity in the reaction of 1,3-divinyldisiloxane with hydrosilane.
We describe our findings in this paper.
A toluene solution containing 1,1,3,3-tetramethyl-1,3-divinyl-
disiloxane and pentamethyldisiloxane in a 1:3 molar ratio was
heated at 80 °C for 24 h in the presence of 4 mol % of
C p F e ( CO ) 2M e , c a u s i n g t h e f o r m a t i o n o f
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Scheme 1. Reaction of Alkene with Hydrosilane in the
Presence of Catalyst
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C2H5SiMe2OSiMe2CHCHSiMe2OSiMe3 at an isolation yield
of 81% (Table 1, entry 1). In this reaction, one of the vinyl
groups of the divinyldisiloxane was dehydrogenatively silylated;
during this process, the SiMe2OSiMe3 group is selectively
introduced into the trans position relative to the original silyl
group. The other vinyl group was hydrogenated. Consequently,
this constitutes a sort of hydrosilylation (HySi) reaction,
because both a hydrogen and a silyl group are introduced into
the substrate. However, the reaction described here is not the
well-known hydrosilylation, but a combination of DHySi and
Hy reactions, wherein one vinyl hydrogen is replaced by a silyl
group and this removed hydrogen and the hydrogen from
hydrosilane are added to the other alkene portion to form an
alkyl group. Therefore, this reaction should be referred to as a
DHySi-Hy reaction. Because this type of reaction is
unprecedented, we examined further instances of this reaction
by utilizing different combinations of substances. The use of
different hydrosilanes resulted in the formation of DHySi-Hy
products in good yields (entries 2 and 3). Phenyl-substituted
divinyldisiloxane also exhibited the same reaction (entry 4)
although the yield was 14%; however, increasing the amount of
catalyst from 4 to 10 mol % resulted in a yield of 98%. When 4
mol % of the iron catalyst was used, the yield was 14%
presumably due to its low reactivity. Using divinyldisiloxane
with methyl and phenyl substituents on the silicons also
resulted in the DHySi-Hy reaction. In this case, because the Si
is a chiral center, we used a diastereomeric mixture and no
diastereoselectivity was observed in the DHySi-Hy reaction,
suggesting that the catalytically active Fe species has no chiral
center. The products of entries 1−5 were isolated and
characterized by 1H, 13C, 29Si, HRMS(EI) and elemental
analyses. In contrast, CH2CHSiMe2CH2SiMe2CHCH2
and Me3SiOSiMe2CHCH2 were not converted into the
corresponding DHySi-Hy products (entries 6 and 7), and the
starting vinyl compounds remained unchanged under the
reaction conditions. These results indicate that the oxygen
atom connecting the two vinyldimethylsilyl groups and the two
vinyl groups are essential in DHySi-Hy reaction. The general
scheme of the reaction we discovered is described in Scheme 2.
In order to understand the DHySi-Hy reaction mechanism,
deuterium labeling studies were conducted using a reaction
similar to that of entry 3, in which MePh2SiD was used in place
of MePh2SiH (entry 8). The reaction was stopped after 24 h to
avoid undesired deuterium scrambling, and the Si-containing
compound (6) was isolated in 53% yield. In the 1H and 13C
NMR spectra, the chemical shifts and the coupling patterns
were identical to those of 3 (within experimental errors) except
for the ethyl portion. In the 1H NMR of 6, the methylene
group showed a multiplet with one proton intensity and the
methyl group exhibited a doublet, indicating that the methylene
carbon has only one proton. Moreover, the methylene carbon
of 6 showed a coupling pattern caused by a C−D bond at 9.99
ppm in the 13C{1H} NMR. These spectroscopic data
d e m o n s t r a t e t h e s e l e c t i v e f o r m a t i o n o f
CH3CHDSiMe2OSiMe2CHCHSiPh2Me. Therefore, the hy-
drogenation process in the discovered DHySi-Hy reaction
consists of two selective hydrogen introductions: the hydrogen
introduced at the vinyl α-carbon comes from the hydrosilane
added, and the hydrogen introduced at the vinyl β-carbon
originates from the hydrogen on the β-carbon in the other vinyl
group.
A reaction similar to that of entry 1 was performed in
toluene-d8 and monitored by
1H NMR. A plot of product yield
as a function of time (Figure 1) shows that there is an induction
period, followed by an increase in the formation of the DHySi-
Hy product over time. During the induction period, resonances
due to the starting iron complex were observed; thereafter,
Table 1. Reaction of Olefin with Hydrosilane Catalyzed by CpFe(CO)2Me in Toluene at 80 °C
a
aRatio of olefin/R′3SiH is 1/3 (1/2 in entry 7). The amount of CpFe(CO)2Me is 4 mol % based on olefin concentration (10 mol % in entry 4).
Scheme 2. Iron-Catalyzed Dehydrogenative Silylation−
Hydrogenation Reaction of Divinyldisiloxane with
Hydrosilane
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these resonances disappeared and small resonances assignable
to CpFe(CO)(SiMe2OSiMe3)2(H) were detected. Resonances
from the DHySi product, CH2CHSiMe2OSiMe2CHCH-
(SiMe2OSiMe3), were not observed.
A proposed catalytic cycle of the unprecedented DHySi-Hy
reaction is shown in Scheme 3. In the initial step, a thermal
activation of the catalyst precursor, CpFe(CO)2Me, generates a
16-electron species, a. This process requires some time. When a
reacts with R′3SiH, the oxidative addition product CpFe(CO)-
(SiR′3)2(H) is formed. It has been reported that CpFe(CO)-
(py)(EEt3) reacts with Et3E′H to form CpFe(CO)(EEt3)-
(E′Et3)(H) (E, E′ = Si, Ge, Sn), and the product CpFe(CO)-
(EEt3)(E′Et3)(H) is in equilibrium with the reductive
elimination products, Et3E′H and CpFe(CO)(EEt3).
9d,e Anoth-
er reaction of a is coordination of one vinyl group of 1,3-
divinyldisiloxane to form b followed by the insertion of the
vinyl group into the Fe−Si bond to give c, which may be in
equilibrium either with d (produced when the other vinyl group
associates with the Fe) or with e (produced when the siloxy
oxygen associates with the Fe). Coordinatively unsaturated c
undergoes β-hydride elimination to give f, which may be in
equilibrium with g via olefin exchange. Olefin insertion into the
Fe−H bond of g gives h, which may be in equilibrium with
either i or j, in a manner similar to that described for c.
Complex h is a 16e species that reacts with R′3SiH to give an
oxidative addition product k. Reductive elimination of the alkyl
and hydride ligands in k generates the DHySi-Hy product, in
addition to the regeneration of a. According to this reaction
mechanism, the hydrogen in R′3SiH is selectively introduced
into the methylene carbon of the DHySi-Hy product. The
complexes situated next to each other in the cycle, with the
exception of k and a, might equilibrate. The reactions from b to
c and g to h involve processes in which an 18e species forms a
16e species. The coordination of olefin or siloxy oxygen to the
Fe center might help drive the reaction. Because CH2
CHSiMe2CH2SiMe2CHCH2 did not react with pentam-
ethyldisiloxane (Table 1, entry 6), siloxy oxygen coordination,
as shown in e and j, may play an important role in promoting
the catalytic cycle. During the DHySi reaction, only the trans
isomer around the olefin portion was produced. Examples of
selective trans isomer formation by DHySi reaction using iron
complexes have been reported by Murai5 and Marciniec.7
Another mechanism containing two independent catalytic
cycles is conceivable, i.e., one cycle involving the DHySi
reaction catalyzed by [Fe]−SiR′3 and the other containing the
Hy reaction catalyzed by [Fe]−H. However, because the
DHySi product was not detected, the catalytic cycle proposed
in Scheme 3 is more likely.
In conclusion, we found an unprecedented type of
hydrosilylation in the reaction of divinyldisiloxane with
hydrosilane catalyzed by an iron complex. In this reaction, H
and SiR3 are introduced into divinyldisiloxane, but a simple H
Figure 1. Plot of DHySi-Hy Product Yield As a Function of Time in
CpFe(CO)2Me-Catalyzed Reaction of (CH2CHSiMe2)2O with
Me2SiOSiMe2H.
Scheme 3. Proposed Catalytic Cycle of Iron-Catalyzed Dehydrogenative Silylation−Hydrogenation Reaction
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and SiR3 addition at the olefin portion does not occur. Instead,
dehydrogenative silylation at one vinyl group and hydro-
genation at the other vinyl group of divinyldisiloxane take place.
This discovery of a highly selective DHySi-Hy reaction is
important from a synthetic viewpoint because the separation of
hydrosilylation products, dehydrogenative silylation products,
and hydrogenation products is generally difficult.
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ABSTRACT: Six-membered cyclic germoxanes (R2GeO)3
were selectively prepared via the thermal reaction of (alkyl)2-
GeH2 in dimethylformamide (DMF). Linear metallagermoxanes
with an E−O−Ge−O−E backbone (E = Si, Ge, Sn) were
prepared by the reaction of Ph2GeH2 with R3EH in DMF. Their
cyclic and linear germoxane formations were achieved using an
iron catalyst, (η5-C5H5)Fe(CO)2Me. An iron carbene complex
was proposed to be an intermediate in the catalytic reaction.
Polysiloxanes with a (−Si−O−)n backbone have beenwidely used in chemical synthesis because of their stability
toward water and air as well as their insulation and heatproof
properties. The germanium analogues, cyclic and linear poly-
and oligogermoxanes and their derivatives with Ge−O−E
fragments (E = Si, Ge, Sn), have recently attracted considerable
attention owing to their high refractive index, low dielectric
constant, and biocompatible properties.1 The most common
method for the formation of (poly)germoxanes is the hydro-
lysis of germyl halides. However, the hydrolysis of R2GeCl2, for
example, gives various types of germoxanes such as cyclic
oligomers and linear oligomers/polymers. In addition, the
selectivity and dispersity of these compounds have not yet been
controlled. To construct an unsymmetrical Ge−O−E fragment,
hydrolysis of a mixture of R3GeCl and R3ECl and dehydration
of a mixture of R3GeOH and R3EOH can be employed; how-
ever, the desired product R3Ge−O−ER3 is always contami-
nated by homocondensation products such as R3Ge−O−GeR3
and R3E−O−ER3 because of the lack of selectivity.2,3 Selective
formation of compounds with a Ge−O−E fragment has been
achieved by condensation of germanium chloride with silanol
(silanolate) (Scheme 1i),2d,4 germamine with silanol or stannanol
(Scheme 1ii),5 and germoxane with silyl azides (Scheme 1iii).6
However, these processes have drawbacks: the removal of
corrosive or explosive byproducts produced stoichiometrically
is necessary, and the use of germanium, silicon, and tin sub-
strates result in these methods being unstable toward moisture.
To the best of our knowledge, there are only three reports of
catalytic methods for Ge−O−Si bond formation. One is based
on B(C6F5)3-catalyzed dehydrogenative coupling of hydroger-
manes with silanols and dealkylative coupling of alkoxyger-
manes with hydrosilanes (Scheme 1iv).7 Another is based on
Ru-catalyzed de-ethylene coupling of vinylgermane with silanol
(Scheme 1v).8 The last process is scandium-catalyzed deiso-
butene coupling of allylgermane with silanol (Scheme 1vi).9
However, the catalytic formation of Ge−O−Ge and Ge−O−Sn
bonds has not been reported to date.10
Several reactions of hydrosilanes with amides such as di-
methylformamide (DMF) in the presence of catalyst of iron
complexes11 and other transition-metal complexes12 have been
reported to form disiloxanes.13 In these reactions, the oxygen
atom in the produced siloxane stems from amide, and the amide is
finally reduced to amine. Although some reaction mechanisms
have been proposed, there is little experimental evidence sup-
porting such a reaction mechanism.
Herein, we report the first example of catalytic and selective
synthesis of cyclic germoxanes and linear germoxanes with an
E−O−Ge−O−E backbone (E = Si, Ge, Sn). In addition, we show
Received: March 5, 2012
Published: April 4, 2012
Scheme 1. Reported Methods for Preparation of an
Unsymmetrical Ge−O−E Fragment
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an unprecedented reaction mechanism involving an iron carbene
complex that could be isolated and characterized by X-ray analysis.
The reaction of an iron methyl complex, CpFe(CO)2Me
(1; Cp = η5-C5H5), with an excess of tertiary germanes R3GeH
(R = Et, Ph) in DMF gave no coupling products. This is in
complete contrast to the formation of R3Si−O−SiR3 in the
reaction of 1 with R3SiH in DMF.
11a,b In contrast, a treatment
of Et2GeH2 with a catalytic amount of 1 in DMF produced
1,1,3,3,5,5-hexaethylcyclotrigermoxane in an excellent yield
(Table 1, entry 1). The product was identified on the basis
of 1H and 13C NMR and high-resolution mass spectra. The
same cyclization reaction occurred using other amides as
solvents but the conversion yields decreased (entries 2−4).
No coupling products were obtained in the absence of amide
(entry 5), indicating that amide serves as an oxygen supplier
in this reaction. The cyclization reaction can even be achieved
by reducing the amount of catalyst 1 from 5 to 0.1 mol %
(entries 1, 6−8). The TON of 380 in entry 8 is the highest value
shown by an iron catalyst in amide reduction reactions.11 This
cyclization reaction was effective for other secondary germanes,
such as nBu2GeH2,
cHex2GeH2, and (PhCH2)2GeH2 (entries 9−
11); however, interestingly, it was not effective for Ph2GeH2
(entry 12). This unreactivity of Ph2GeH2 appears to occur for
electrical reasons, because the sterically more bulky cyclohexyl-
substituted germane (cHex2GeH2) gave the corresponding
product in excellent yield under the same conditions (entry 10).
In general, the reaction of Et2GeH2 with R3EH (E = Si,
Ge, Sn) in DMF yields the cross coupling product R3E−O−
GeEt2−O−ER3 and homocoupling products such as (Et2GeO)3
and R3E−O−ER3, whereas the reaction of Ph2GeH2 with
R3EH may prevent the formation of (Ph2GeO)3. Therefore,
it is possible that Ph2GeH2 is an appropriate starting material
for selective metallagermoxane formation. We examined
the reaction of Ph2GeH2 with hydrosilane, hydrogermane,
and hydrostannane in DMF with an iron catalyst. The results are
shown in Table 2. The treatment of Ph2GeH2 with 2 equiv of
Et3SiH in DMF in the presence of 1 (10 mol %) at 100 °C led
to complete consumption of Ph2GeH2 and Et3SiH after 24 h,
and disilagermoxane, Et3Si−O−GePh2−O−SiEt3, was ob-
tained as a single product in 88% isolated yield (entry 1).
This is the first example of the selective formation of a
compound with a Si−O−Ge−O−Si backbone. The catalytic
activity of this reaction was examined for the following iron
complexes: Cp*Fe(CO)2Me (2; Cp* = η
5-C5Me5), Fe(CO)5
(3), and [CpFe(CO)2]2 (4). In the cases of 2 and 3, Et3Si−O−
SiEt3 was the main product (entries 2 and 3). Complex 4 gave
the cross-coupling product in 38% yield with the formation of
disiloxane (entry 4). Thus, complex 1 among these iron com-
plexes showed the best catalytic activity toward the cross-
coupling reaction. The reaction of tBuMe2SiH formed the corre-
sponding disilagermoxane (entry 5). The reactions of PhMe2SiH
and Ph3SiH produced only a trace amount of disilagermoxane and
yielded the corresponding disiloxanes as the main products
(entries 6 and 7). Both silanes have reportedly been converted
into disiloxanes by 1 in DMF.11a This cross-coupling reaction
could be applied to the coupling of tertiary germane (R3GeH)
or stannane (R3SnH) with Ph2GeH2 (entries 8−10). The use of
secondary germanes other than Ph2GeH2 caused formation of
the corresponding disilagermoxanes, but cyclic germoxanes
were also obtained (entries 11 and 12).
As described above, CpFe(CO)2Me (1) has been shown to
be a good catalyst precursor for reactions in which R2GeH2
(R = Et, nBu, cHex, CH2Ph) and DMF are converted into cyclic
germoxane and NMe3, and Ph2GeH2, DMF, and R3EH (E = Si,
Ge, Sn) are converted into R3E−O−GePh2−O−ER3 and NMe3.
In these reactions, the essence is dehydrogenative oxygenation of
an E−H portion by amide catalyzed by an iron complex to
construct an E−O−E framework and NMe3. It should be noted
that there are two interesting aspects to these reactions. One is
selective E−O−E bond formation,11a,b and the other is amide
reduction to amine via the E−H bond.11c,d,e,12 However, the
Table 1. Catalytic Synthesis of Germoxane by an Iron
Complexa
entry R R′ R″ time/h cat.b /mol %
yieldc /%
(TON)
1 Et Me H 6 5 >99 (20)
2 Et Me Me 6 5 70 (14)
3 Et Bu H 6 5 56 (11)
4 Et Ph H 6 5 23 (5)
5 Et none 6 5 NRd
6 Et Me H 24 1 >99 (99)
7 Et Me H 48 0.5 84 (168)
8 Et Me H 48 0.1 38 (380)
9 nBu Me H 24 1 >99 (99)
10 cHex Me H 24 1 >99 (99)
11 CH2Ph Me H 24 1 27 (27)
12 Ph Me H 24 1 NR
aReaction conditions: 100 °C, sealed glass tube, [R2GeH2]/[amide] =
1/10. bOn the basis of the [R2GeH2]:[1] ratio.
cIsolated yield of the
cyclic germoxane. dNR = no reaction.
Table 2. Synthesis of Linear Sila-, Germa-, and
Stannagermoxanesa
entry E R3 R′ cat. yield
b /%
1 Si Et3 Ph 1 88
2 Si Et3 Ph 2 TR
c
3 Si Et3 Ph 3 TR
c
4 Si Et3 Ph 4 38
5d Si Me2
tBu Ph 1 67
6 Si Me2Ph Ph 1 TR
c,e
7 Si Ph3 Ph 1 TR
c,e
8 Ge Et3 Ph 1 42
9 Ge nBu3 Ph 1 54
10 Sn nBu3 Ph 1 35
11 Si Et3 Et 1 38
f
12 Si Et3 Bu 1 28
f
aReaction conditions: 100 °C, 24 h, sealed glass tube, [R2GeH2]/
[R3SiH]/[amide]/[1] = 10/20/50/1.
bIsolated yield. cTR = trace
amount of silagermoxane and a nearly quantitative yield of disiloxane
were isolated. d48 h. eWhen other hydrosilanes, such as R3SiH (R3 =
MePh2, (
nHex)3, (
cHex)3, (OEt)3, Me2(CHCH2)) were used, the
corresponding disiloxanes were mainly obtained. fCyclogermoxane was
also formed.
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role of an iron complex in the catalytic cycle remains to be
determined. To elucidate this role, we attempted several related
experiments, and found that stoichiometric reactions of germyl
complexes, Cp*Fe(CO)(py)(GeR3) (R = Et (5), Ph (6)), with
N,N-dimethylthioformamide corresponding to the thio deriva-
tive of DMF provided some information regarding the catalytic
reaction mechanism (Scheme 2).
The reaction led to the isolation of carbene complexes,
Cp*Fe(CO)(CHNMe2)(SGeR3) (R = Et (7), Ph (8)). X-ray
analysis was conducted, as single crystals of 8 were obtained.
The molecular structure of 8 is depicted in Figure 1. Complex 8
adopts a three-legged piano-stool geometry in which the iron
center bears one Cp*, one carbonyl, one thiogermoxy group,
and one amino-substituted carbene ligand. The Fe1−C3
bond distance (1.883 Å) is shorter than that of a typical FeC
bond in a Fischer-type carbene ligand.14 The bond length
between the nitrogen atom N1 and the carbene carbon atom
C3 (1.300 Å) is also shorter than that of a typical N−C single
bond (1.47 Å). The sum of angles around N1 is 360.0°, which
is consistent with the sp2 hybridization of N1. These results
indicate that the nitrogen lone pair is delocalized in the carbene
carbon plane.
If the carbene complex bearing a SGeR3 ligand is an inter-
mediate, reaction of the isolated complexes with Ph2GeH2
would form NMe3 and Ph2HGe−S−GeR3. Thermal reactions
of 7 and 8 with Ph2GeH2 in C6D6 were performed, and the
generation of NMe3 was confirmed by
1H NMR (a singlet at
2.05 ppm) analysis of both complexes, while formations of
Ph2HGe−S−GeEt3 and Ph2HGe−S−GePh3 were confirmed by
GC-MS for 7 and 8, respectively (Scheme 2). These results in-
dicate that the carbene complexes 7 and 8 are the intermediates
in the reduction of dimethylthioformamide by hydrogermane to
give amine and thiogermoxane and that it is highly likely that an
analogous carbene complex is formed in the catalytic reaction
of formamide.
A part of the catalytic cycle proposed in the reaction of
Ph2GeH2 with R3EH in DMF promoted by CpFe(CO)2Me (1)
to give R3E−O−GePh2−O−ER3 is shown in Scheme 3. CpFe-
(CO)2Me reacts with Ph2GeH2 to generate an actual catalyst,
the 16e species CpFe(CO)(GePh2H) (A), via CO insertion
into the Fe−Me bond, oxidative addition of a Ge−H bond of
Ph2GeH2, and reductive elimination of MeC(O)H (the for-
mation was confirmed by 1H NMR, with a quintet signal at
9.23 ppm and a doublet signal at 2.34 ppm in C6D6).
15 Next,
amide coordinates to the active species in an η2 fashion using
the CO π electrons to give B, followed by germyl migration
to the oxygen atom to generate C. A similar silyl migration to
nitrile nitrogen in a transition-metal coordination sphere has
been proposed for the reaction of CpFe(CO)2Me with R3SiH
and RCN16 and for reactions of CpFe(CO)2Me and
CpMo(CO)3Me with R3SiH and R2NCN.
17 Dissociation of
the oxygen in C from the iron and subsequent C−O oxidative
addition of the ligand to Fe forms the Fischer-type carbene
complex D. The analogous iron complex with thiogermoxy
and carbene ligands has been isolated and characterized as
mentioned above. If E−H bond addition of R3EH to the FeC
double bond occurs, complex E will be formed. A similar
addition of silane to a carbene complex has been proposed.18
Reductive elimination of R3E−O−GePh2H from E gives F.
Pannell and co-workers proposed a similar complex F as an
intermediate in the formation of disiloxane by 1.11b Although
a stepwise mechanism is proposed in the progression from D
to F, a concerted mechanism cannot be ruled out. Oxidative
addition of a Ge−H bond in Ph2GeH2 toward F results in the
formation of G. Subsequent reductive elimination of H and
CH2NMe2 ligands yields NMe3 with regeneration of A. R3E−
O−GePh2H formed in this cycle can be involved in the
catalytic cycle in place of Ph2GeH2 to finally give R3R−O−
GePh2−O−ER3. In the reaction of CpFe(CO)2Me with
(alkyl)2GeH2 and DMF where R3EH does not exist, a com-
plex corresponding to D reacts with (alkyl)2GeH2 to give
(alkyl)2HGe−O−Ge(alkyl)2H. This compound is subsequently
involved in the catalytic cycle to finally give the six-membered
cyclic germoxane.
In summary, CpFe(CO)2Me was found to be a good pre-
cursor for dehydrogenative oxygenation of (alkyl)2GeH2 in the
reaction with DMF to form six-membered cyclic germoxanes.
The iron complex also works as a precursor of selective prep-
aration of the E−O−Ge−O−E backbone (E = Si, Ge, Sn) in
the reaction of Ph2GeH2 with R3EH in DMF. This is the first
example of the selective preparation of compounds in which
five group 14 elements and oxygen are used and in which the
elements are arrayed linearly and alternately. The catalytic cycle
including an iron carbene complex was proposed on the basis of
the isolation and characterization of the iron carbene complex
bearing the thiogermoxyl ligand prepared in the reaction of an
iron germyl complex with thioformamide. The findings pre-
sented here will open a new field of material chemistry of
E−O−E′ compounds (E, E′ = Si, Ge, Sn) that has not yet been
Scheme 2. Formation of Iron−Carbene Complexes (7, 8)
and Their Reactivity
Figure 1. ORTEP drawing of 8.
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thoroughly explored and will have a strong impact on well-
investigated silicon chemistry.
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ABSTRACT: The first catalytic double hydrophosphina-
tion of alkynes was achieved by reaction with diary-
lphosphines in the presence of an iron catalyst. The double
hydrophosphination proceeded regioselectively and effec-
tively for various secondary arylphosphines and terminal
alkynes to give 1,2-bisphosphinoethane derivatives.
Phosphines have been widely used as versatile andindispensable ligands for various transition metals because
the properties of transition metal complexes can be easily tuned
by varying the substituents on the phosphorus atoms.1
Appropriate selections of phosphines have realized the
stabilization, isolation, and even structural characterization of
reactive complexes, as well as control of the activity and
selectivity of transition metal catalysts. Among several methods
for the preparation of phosphines, the addition of a P−H bond
to an unsaturated C−C bond is one of the most attractive
methods because it produces no undesired compounds as
byproducts.2 Additions of P−H bonds in P(V) compounds to
alkynes promoted by a transition metal catalyst have been
reported.3,4 These additions have been referred to as
hydrophosphinylation and hydrophosphonylation, depending
on the substituents on the P(V) atom (Scheme 1). Reduction
of the products from P(V) to P(III) affords phosphines.5 A
more straightforward method to obtain phosphines is the
addition of a P−H bond of a P(III) compound to an alkyne,
which is referred to as hydrophosphination (Scheme 1).2
However, examples of hydrophosphination catalyzed by a
transition metal complex are limited.6 One of the reasons
presumably the main reasonstems from the coordination of a
reactant such as PR2H and/or a product such as PR2R′ to a
transition metal catalyst to form a coordinatively saturated
complex, leading to a decrease in or complete loss of catalytic
activity. Double hydrophosphination of an alkyne is especially
difficult because the product serves as a bidentate ligand, which
binds to a transition metal catalyst more strongly than a
monodentate ligand because of the chelate effect.7 If double
hydrophosphination of an alkyne could be achieved with a
transition metal, it would be a convenient and atom-efficient
method to obtain bidentate 1,2-phosphinated ethane deriva-
tives such as bis(diphenylphosphino)ethane (dppe). To our
best knowledge, there are only a few stoichiometric double
hydrophosphinations of alkynes,8 and no such catalytic reaction
using a transition metal catalyst has been reported.9 In this
Communication, we describe the first example of catalytic
double hydrophosphination of various alkynes promoted by an
iron catalyst.
PPh2H (465 mg, 2.50 mmol), PhCCH (137 μL, 1.25
mmol), and CpFe(CO)2Me (12.0 mg, 0.125 mmol, corre-
sponding to 5 mol% based on PPh2H) (Cp stands for η
5-C5H5)
were charged in a Schlenk tube under a nitrogen atmosphere.
After the reaction mixture was heated at 110 °C for 3 days, the
Received: May 26, 2012
Published: July 9, 2012
Scheme 1. P−H Bond Addition to Alkyne
Table 1. Reaction of PPh2H with PhCCH in the Presence
of Fe Catalysisa
entry Fe cat. solvent cat.b/mol% yieldc/%
1 CpFe(CO)2Me neat 5 94
2 CpFe(CO)2Me hexane 5 NR
d
3 CpFe(CO)2Me toluene 5 NR
d
4 CpFe(CO)2Me THF 5 NR
d
5 CpFe(CO)2Me acetonitrile 5 NR
d
6 CpFe(CO)2Me neat 2.5 32
e
7 CpFe(CO)2Me neat 1 13
e
8 Cp*Fe(CO)2Me neat 5 92
9 FeCl2 neat 5 NR
d
10 FeCl3 neat 5 NR
d
11 Fe(CO)5 neat 5 NR
d
aReaction conditions: 110 °C, [PPh2H]/[phenylacetylene] = 2:1.
bBased on [Ph2PH].
cIsolated yield. dNo reaction. ePhenylacetylene
was completely consumed, but the single hydrophosphination
compound was also formed.
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volatile materials were removed under reduced pressure. The
residue was washed with hexane and dried under vacuum to
give 1,2-bis(diphenylphosphino)-1-phenylethane (1a) in 94%
yield (Table 1, entry 1). In this reaction, PPh2H and PhCCH
served as both reagents and solvents. Interestingly and
importantly, when the reaction was performed in an organic
solvent such as hexane, toluene, THF, or acetonitrile, the
double hydrophosphination product was not obtained; rather,
CpFe(CO)(PPh2H){C(O)Me} was formed (entries 2−5), as
determined by comparison from the NMR data of the reaction
mixture to those from the authentic complex.10 Even when the
amount of CpFe(CO)2Me was reduced from 5 mol% to 2.5
mol% or 1 mol%, the PhCCH was completely consumed.
However, both the single and double hydrophosphination
compounds were produced (entries 6 and 7). Some other iron
complexes were also examined as catalyst precursors. Cp*Fe-
(CO)2Me (Cp* stands for η
5-C5Me5) showed similar catalytic
activity (entry 8). In contrast, FeCl2, FeCl3, and Fe(CO)5
showed no catalytic activity, even for the single hydro-
phosphination reaction (entries 9−11).11
In the reactions shown in entries 2−5 of Table 1,
CpFe(CO)(PPh2H){C(O)Me} was produced, indicating that
this iron complex could be a catalyst precursor. The reaction of
PhCCH with 2 equiv of PPh2H in the presence of 5 mol% of
CpFe(CO)(PPh2H){C(O)Me} was examined, and it was
revealed that the iron complex is catalytically active for the
double hydrophosphination reaction (Scheme 2).
Because the double hydrophosphination of a CC triple
bond is unprecedented, we examined further instances of this
reaction by utilizing different combinations of secondary
phosphines and alkynes. The results are summarized in Table
2, where the reaction conditions employed were the same as
those shown in entry 1 of Table 1. Various para-substituted
phenylacetylenes were effectively converted into double
hydrophosphination products (entries 1−6), whether the
substituent was an electron-donating or electron-withdrawing
group. It should be noted that the NH2 group remains intact
during the reaction (entry 4), indicating that the reactive and
coordinative amino group did not disturb this catalytic system.
3-Pyridyl and 3-thiophenyl derivatives were also converted into
the corresponding diphosphines (entries 6 and 7). Although
the 2-pyridyl derivative showed a low isolated yield due to its
high solubility in hexane that was used for purification of the
product, the phosphine was converted into the corresponding
diphosphine in 78% yield, according to the 31P NMR
measurement (entry 8). In contrast, n-hexyl-, cyclohexyl-, and
benzylacetylene did not undergo hydrophosphination (entry
9). In addition, internal alkynes such as diphenylacetylene and
dimethylacetylene dicarboxylate (DMAD) did not undergo
hydrophosphination. These results suggest that this catalytic
system is effective for terminal arylacetylenes but not for
alkylacetylenes and internal alkynes. P(p-MeC6H4)2H and P(p-
MeOC6H4)2H also reacted with PhCCH to give double
hydrophosphination products in the present catalytic system
(entries 10 and 11). However, alkylphosphines, PR2H (R =
cHex tBu), did not afford any hydrophosphination product
(entry 12).
All hydrophosphination compounds were characterized by
1H, 13C, and 31P NMR. The molecular structures of 1b and 1d
were confirmed by X-ray diffraction (Figure 1). In both cases,
the two sp carbons in the starting alkyne were changed to sp3
carbons, and each of them has one PPh2 group. The carbon−
carbon bond lengths are 1.538 and 1.545 Å, showing that they
are single bonds. The two phosphorus atoms were not oxidized.
The reaction of 1 equiv of PhCCH, 2 equiv of PPh2H, and
0.1 equiv of CpFe(CO)2Me was monitored by
31P NMR
(without H decoupling). A plot of the amounts of phosphorus-
containing compounds as functions of time is shown in Figure
2. The amount of PPh2H decreased constantly. The single
hydrophosphination product with Z configuration (2-Z)12
increased for 12 h after the reaction started and then decreased
gradually. In contrast, very little (E)-vinylphosphine (2-E)13
was formed. The double hydrophosphination product (1a)
constantly increased with time. This time-dependence curve
lets us envision the following catalytic profile: PPh2H reacts
with PhCCH to give 2-Z selectively, which then reacts with
PPh2H to afford 1a; a very small degree of isomerization of 2-Z
to 2-E takes place. The molar ratio of 1a:2-Z:2-E:PPh2H after
48 h was 84:7:4:5.
The proposed mechanism for the catalytic reaction of Ph2PH
with phenylacetylene is shown in Scheme 3. CO insertion into
the Fe−Me bond in CpFe(CO)2Me and PPh2H coordination
Scheme 2. Double Hydrophosphination Promoted by
CpFe(CO)(PPh2H){C(O)Me} Complex
Table 2. Double Hydrophosphination of PR2H with Alkynes
Promoted by CpFe(CO)2Me
a
entry R R′ compd yieldb/%
1 Ph p-Me-C6H4 1b 95
2 Ph p-tBu-C6H4 1c 73
3 Ph p-MeO-C6H4 1d 82
4 Ph p-NH2-C6H4 1e 72
5 Ph p-F-C6H4 1f 91
6 Ph 3-pyridyl 1g 91
7 Ph 3-thiophenyl 1h 77
8 Ph 2-pyridinyl 1i 27
9 Ph alkylc − 0
10 p-Me-C6H4 Ph 1j 92
11 p-MeO-C6H4 Ph 1k 73
12 alkyld Ph − 0
aReaction conditions: 110 °C, 3 days, 10 mL Schlenk tube, [PR2H]/
[phenylacetylene]/[CpFe(CO)2Me] = 20:10:1.
bIsolated yield. cAlkyl
= n-hexyl, cyclohexyl, benzyl. dAlkyl = cHex, tBu.
Figure 1. ORTEP drawings of 1b and 1d with 50% thermal ellipsoidal
plots. Hydrogen atoms are omitted for simplicity.
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take place to give A. As mentioned above, A can be isolated
when the reaction is performed in an organic solvent.
Conversion of A into B with a PPh2 ligand occurs either via
P−H oxidative addition and HC(O)Me elimination14 or via
concerted HC(O)Me elimination from the coordinated PPh2H
and the C(O)Me ligand. PhCCH coordinates to B through
the CC triple bond to give C. The phosphide iron complex,
CpFe(CO)(PMes2), which is similar to B, has been reported
previously to be reactive with an unsaturated bond in
isothiocyanate.15 The PhCCH in C inserts into the Fe−P
bond to form D. The phosphorus atom in D may coordinate to
the iron center to give D′, and they may be in equilibrium.15,16
Relevant alkyne insertion into the M−P bond (M = Ni, Pd, Pt,
Rh) was suggested by DFT calculation.17 The second PPh2H
coordinates to D to form E, which is converted into B with
PhHCCH(PPh2) generation. Complex B goes into Cycle 1
when it reacts with PhCCH. Alternatively, B may react with
the PhHCCH(PPh2) produced in Cycle 1 to go into Cycle 2,
which consists of B→F (olefin coordination), F→G (olefin
insertion into the Fe−P bond), G→H (PPh2H coordination),
and H→B (reproduction of B with formation of (Ph2P)C-
(Ph)HCH2(PPh2)). In this catalytic cycle, species D and G are
in equilibrium with catalytically inactive D′ and G′, respectively.
These equilibria may be responsible for the relatively slow
reaction: it takes about 3 days to finish the catalytic reaction.
We conducted some additional experiments to check
whether the radical pathway can be ruled out. When more
than 1 equiv of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)
or galvanoxyl was used as a radical inhibitor, diphenylphosphine
was converted into the corresponding phosphine oxide even
without an iron catalyst.18 When 5 mol% (vs phosphine) of the
radical inhibitor was added under standard conditions (Table 1,
entry 1), a large amount of double hydrophosphination
compound and a small amount of phosphine oxide were
formed. We also conducted several reactions under light-
shielding conditions and under an argon atmosphere, but no
significant difference was observed. It has been reported that a
radical reaction of PPh2H with alkyne promoted by AIBN or
photoirradiation yielded only the single hydrophosphination
product, but never yielded the double hydrophosphination
product in one pot.12 These results indicate that our catalytic
reaction does not occur via a radical pathway, although a radical
pathway cannot be ruled out completely.
Hydrophosphination involving cationic species has been
proposed.19 A cationic iron complex bearing PRH2, [CpFe-
(CO)2(PRH2)]
+, was reported to undergo hydrophosphination
to alkynes and alkenes.19b This cationic complex reacted with
DMAD to give a double hydrophosphination product, whereas
DMAD did not undergo hydrophosphination in our reaction
system. Therefore, it is highly likely that a cationic iron complex
bearing phosphine as a ligand is not involved in our catalytic
cycle.
In summary, an unprecedented catalytic double hydro-
phosphination was achieved in the reaction of a terminal
Figure 2. Plot of the amounts of phosphorus-containing compounds
as functions of time in the reaction of CpFe(CO)2Me, phenyl-
acetylene, and diphenylphosphine in 1:10:20 ratio at 110 °C.◆, ■,▲,
and ● stand for 1a, 2-Z, 2-E, and diphenylphosphine.
Scheme 3. Proposed Catalytic Cycle
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arylalkyne with a secondary arylphosphine using an iron
complex. The key point is that no organic solvent is used; the
arylalkyne and arylphosphine are used as both solvents and
reagents. It should be noted that the iron catalyst, presumably
CpFe(CO)(PPh2), does not suffer considerable (if any) loss of
activity from coordination by PPh2H and the diphosphine
formed.
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